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ABSTRACT
In this thesis, we present three millimeter-VLBI studies with the VLBI Exploration
ofRadioAstrometry (VERA)and theEventHorizonTelescope (EHT)on (1) theGalac-
tic Center Sgr A* and (2) the nearby radio galaxy M87, which harbor supermassive
black holes with the largest and second largest angular sizes, as well as (3) the
γ-ray blazar NRAO 530 during its large GeV γ-ray outburst. Our studies provide
the unprecedented information on the structure and activities of the regions very
close to supermassive black holes (SMBHs), as summerized below.
In the work (1) on Sgr A*, we performed long-term monitoring observations of
Sgr A* with the Japanese VLBI array VERA at 7mm (i.e. 43 GHz) for three years to
investigate relation between variations in the radio flux and the structural size in
the vicinity of its SMBH and to probe a possiblemechanism of its variability, all of
which have been not well understood. We found a new kind of the radio flare in
Sgr A* with a long duration at least longer than 7 days without obvious changes
in its size. The duration of flare is much longer than typical cooling timescales of
electrons emitting the radiowave, indicating changes in the steady state of Sgr A*.
We found themas-scale properties of the flare cannot be explained by changes in
themass accretion rate of the thermal accretion diskmodels for Sgr A*, requiring
other mechanism to explain this flare.
In thework (2) onM87,weperformed 1.3mm (i.e. 230GHz) VLBI observations of
M87with EHTduring the enhanced very-high-energy (VHE)γ-ray state in 2012.We
obtained following three results. (2-i) For the first time, we have acquired 1.3 mm
VLBI interferometric phase information on M87 through measurement of closure
phase, that is consistent with physically-motivatedmodels. We found that future
EHT observations can eectively distinguish physical models and also confirm a
signature of the gravitational lensing in M87. (2-ii) The brightness temperature of
the event-horizon-scale structure is broadly consistent with the peak brightness
of the radio cores at 1-86 GHz located within 100 Rs. A simple analysis predicts
the magnetic field profile inversely proportional to the distance from the jet for
the M87 jet, which is expected by the toroidal-field-dominant conical jet. (2-iii)
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Our measurements, combined with results of multi-wavelength observations, fa-
vor a scenario in which the VHE region has an extended size of the VHE emission
region of ~20-60 Rs. It seems incompatible with many VHEmodels expecting the
compact emission region of a few Rs for this VHE activity.
In the work (3) on NRAO 530, we performed 1.3 mm (i.e. 230 GHz) VLBI obser-
vations of NRAO 530 with EHT, six months aer a large γ-ray flare at GeV band.
The observed 1.3mm structure is resolved into two components consisting of the
core and a relatively extended jet component that is the most probable counter
part of the GeV γ-ray flare. The position angle of the inner jet is in South-West
direction, being considerably dierent from the larger-scales jet directed to the
north. 7 mm observations with the Very Long Baseline Array at 7 mm reveal that
the 7-mm counter part of this jet component moved to the north as well, requir-
ing the highly curved trajectory in the inner jet on sub-parsec scales. This is the
first example that a jet component related with γ-ray activities actually moves
along a curved trajectory, as suggested in previous studies on the γ-ray activities
in other blazars. The flaring component has a size of∼ 140 µas= 1304 ld, much
larger than the upper limit size of. 49 ld at the GeV flare. This requires apparent
super-luminal expansion of the flare component on the framework of the widely
accepted scenarios assuming the co-spatiality of broadband emission, giving a
strong limit with a jet speed of β > 0.988, Lorentz factor of Γ > 6.41, viewing
angle of θ < 5.77◦ and Doppler factor of δ > 9.85.
In summary, we obtained several unprecedented findings about the physical
nature of the accretion flow and relativistic jet in the vicinity of SMBHs with mil-
limeter VLBIs. All of the three works in this thesis demonstrate importance of the
future mm-VLBI observations particularly with EHT to understand fundamental
nature of the high energy phenomena in the vicinity of the SMBHs.
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1
BACKGROUND OF THE THES I S
1.1 REVIEW OF ACTIVE GALACTIC NUCLEI
Active galactic nuclei (AGNs) are very luminous galactic nuclei seen in some frac-
tion of the extra-galaxies in the Universe. AGNs emanate a tremendous amount
of energy from a quite compact region of . 1 pc3 comparable to the size of the
Solar system. Their luminosities reach at∼ 1039 − 1048 erg s−1, oen outshining
the rest of their host galaxies. Such a huge luminosity of AGNs is attributed to the
gravitational energy of a gas released in the process of its accretion into a central
super-massive black hole (SMBH) with a mass of∼ 106 − 1010 M at the galactic
nucleus. The system of AGNs is an “engine” powered by accreting material as its
“fuel”, consisting of a SMBH, an accretion disk and a jet. Themost luminous AGNs
are the most powerful, continuously emitting sources in the Universe.
In the thesis, we present observational studies on high energy phenomena in
the vicinity of SMBHs hosted by various kinds of AGNs. As the beginning of the
thesis, we present an overview of AGNs focusing on the AGN zoology and its unifi-
cation scheme.
1.1.1 AGN Zoology
The emission from AGNs is distributed in the whole electromagnetic spectrum
from radio to γ-ray. AGNs have been categorized based on various criteria due to
the diversity in their emission properties at various wavelengths. Here, we briefly
review representative categorization of AGNs as an introduction to the "AGN zool-
ogy".
1.1.1.1 Luminosity
The simplest way to categorize AGNs would be classifying them with their lumi-
nosity. The luminous AGNs with MB < −23 mag are categorized as quasars
(QSO; Greenstein & Schmidt, 1964), while faint AGNs with the Hα luminosity of
1
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Table 1.1: AGN categorization with ratios of optical emission lines
Class [OI]/Hα [NII]/Hβ [SII]/α [OIII]/Hβ Ref.
Seyfert galaxies > 0.08 > 0.6 > 0.4 > 3 Veilleux & Osterbrock (1987)
LINERs > 0.17 > 0.6 > 0.4 < 3 Veilleux & Osterbrock (1987)
transition objects 0.08− 0.17 > 0.6 > 0.4 < 3 Ho et al. (1993)
BL Lac objects — — — — Veilleux & Osterbrock (1987)
HII region galaxies < 0.08 < 0.6 < 0.4 — Veilleux & Osterbrock (1987)
Table 1.2: Classification of Seyfert galaxies
Type Hβ/[OIII]λ5007 Broad Component
1 > 5.0 visible in Hα and Hβ
1.2 2.0− 5.0 visible in Hα and Hβ
1.5 0.333− 2.0 visible in Hα and Hβ
1.8 < 0.333 visible in Hα and Hβ
1.9 < 0.333 visible in Hα but not in Hβ
2 < 0.333 no broad component visible
< 1040 ergs s−1 (corresponding to the bolometric luminosity of. 1042 erg s−1)
are defined as low luminosity AGNs (LLAGNs; Ho et al., 1997a,b). The typical lumi-
nosity of quasars is ∼ LEdd, where LEdd is the Eddington luminosity defined as
LEdd ≡ 1.26× 1046 erg s−1 (M/108 M). On the other hand, the typical lumi-
nosity of LLAGNs is. 10−4LEdd. The significant dierence in the luminosity be-
tween quasars and LLAGNs is ascribable to dierence in the mass accretion rate;
more luminous AGNs have higher mass accretion rates (see §1.1.2.3).
1.1.1.2 Optical Spectroscopy
One of the most representative observational properties of AGNs is emission line
features at optical bands. In terms of line ratio in optical spectroscopy, AGNs are
categorized in four classes: Seyfert galaxies (Sy; Seyfert, 1943), low-ionization nu-
clear emission-line regions (LINERs; Heckman, 1980), transition objects (Ho et al.,
1993) and BL Lac objects (Urry & Padovani, 1995). We show one of the classic crite-
ria, for example, in Table 1.1 (seeHo, 2008, for a reviwondetails andother criteria).
BL Lac objects are classified as those without significant emission lines.
Seyfert galaxies are roughly categorized into two types in terms of line widths
in optical spectroscopy: type 1 Seyfert galaxies with broad line features with ∼
1000− 25000 km s−1 and type 2 Seyfert galaxies with only narrow line features
less than ∼ 1000 km s−1. More detailed classification has been considered for
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Seyfert galaxies on the basis of appearance of the Balmer lines: the pure type 1,
type 1.2, type 1.5, type 1.8 and type 1.9 (type 1.2-1.8: Osterbrock, 1977; type 1.9: Os-
terbrock, 1981). Pure type 1 Seyfert galaxies are typical members of the class, as
described by Khachikian & Weedman (1971, 1974), while type 1.5 Seyfert galaxies
are intermediate objects between pure type 1 and type 2, with an easily appar-
ent narrow Hβ profile superimposed on broad wings. Type 1.2 and 1.8 are used
to describe objects with relatively weaker and stronger narrow Hβ components,
intermediate between pure type 1 and type 1.5 and between type 1.5 and type 2
respectively. In type 1.9, although the broad Hα emission is clearly evident, broad
Hβ cannot be detected at least with mere visual inspection of the spectra. The
more quantitative classification has been introduced aer the first introduction
in Osterbrock (1977, 1981). Here, for example, we show a classification of Winkler
(1992) in Table 1.2. In addition to these subclasses, Seyfert galaxies which have
moderately narrow broad-line features (< 2000 km s−1) are named as narrow-
line Seyfert 1 galaxies (NLSY1s; Osterbrock & Pogge, 1985).
Such type classification has been extended to other types of AGNs such as LIN-
ERs, transition objects and radio galaxies. For example, in the samemanner, radio
galaxies are categorized into broad-line radio galaxies (BLRG) and narrow-line ra-
dio galaxies (NLRG).
1.1.1.3 Radio Luminosity
Some fraction of the active galactic nuclei has a bright radio emission. In terms
of radio luminosity, AGNs are divided into radio-loud AGNs and radio-quiet AGNs.
As an indicator, radio-loudness RRL is conventionally defined as the ratio of radio
flux density at 5 GHz to B-band flux density. AGNs with RRL > 10 are classified
as radio-loud AGNs, while AGNs with RRL < 10 are classified as radio-quiet AGNs
(e.g. Kellermann et al., 1994). Radio-loudAGNswith intermediate luminosities are
oen called “radio galaxies (RG)”.
The most of optically selected quasars is radio-quiet, while ∼ 10− 20 % are
radio-loud (e.g. Ho et al., 2001). As for NLSY1s, almost all objects are found to
be radio-quiet AGNs (e.g. Zhou & Wang, 2002). For the case of quasars and radio
galaxies, the radio emission is dominated by non-thermal synchrotron emission
from the jet. The jets fainter and less powered than radio-loudAGNshavebeende-
tected also in radio-quiet AGNs in recent high sensitivity VLBI observations. The
radio-loudness indicates the power of the jet emission for luminous parts of AGNs.
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Figure 1.1: The basic structure of the active galactic nuclei as postulated by the unified
scheme. (Perlman 2013, originally from Urry & Padovani 1995)
On the other hand, almost all compact LLAGNs smaller than several milliarc-
seconds are radio-loud (Terashima & Wilson, 2003). The origin of the radio emis-
sion in LLAGNs has been still under the debate; the radio emission could be orig-
inated in thermal and/or non-thermal synchrotron emission from the accretion
disk and/or jet (see theoretical models for Sgr A*; §2.1.7).
1.1.2 Unification of AGNs
Themost of diversity in AGNs is thought to be unified in the framework of the “uni-
fied scheme” (Antonucci, 1993; Urry & Padovani, 1995). In the unified scheme, the
basic structure of AGNs consists of a supermassive black hole (SMBH) at the cen-
ter, a material accreting through a disk as illustrated in Figure 1.1. Accretion is an
elegant way to emanate a tremendous luminosity. Inside the accretion disk, the
gas loses its angularmomentum through viscous or turbulent processes and falls
into the central SMBH. The gravitational energy of the accreting matter released
in this process is eiciently (potentially up to∼50%!) converted into other types
of energies suchas the thermal energy and the radiationenergy,whicharedriving
sources of the various AGN activities. Surrounding the accretion disk are various
layers of warm and dense ionized gas, which would explain the broad and nar-
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Figure 1.2: The relation between subclasses of the active galactic nuclei in the unified
scheme
row emission line feature at the optical band. The inner (. 1 pc), dense (∼ 107−11
cm−3) and warm (∼ 20, 000 K) ionized gas is called the broad line region (BLR),
since it rapidly moves in a strong gravitational potential of the central SMBH gen-
erating the broad emission line feature. On the other hand, the larger (∼ 100 pc),
less dense (∼ 103−5 cm−3) and slightly colder (∼ 15, 000 K) ionized gas is called
the narrow line region (NLR), since it more slowlymoves in a weaker gravitational
potential attributing the narrower emission line feature. The BLR and NLR are
thought to be located at vastly dierent distance from the SMBH in quite dier-
ent physical conditions.
In the unified scheme, AGNs are intrinsically dierent by (i) the luminosity re-
flecting the accretion rate of the SMBH and (ii) the radio-loudness reflecting the
power of the jet, and show apparently dierent observational properties depend-
ing on (iii) the viewing angles (see Figure 1.2). We briefly summarize how the di-
versity of AGNs is interpreted in the unified scheme.
1.1.2.1 Unification of Emission-line Properties at Optical Band
A critical feature of the unified scheme is the presence of a large-scale (1− 100
pc) dusty obscuring region surrounding the nucleus. The key idea of the unified
scheme is that this region obscures the view of the BLR from some points of view.
This idea can unify some subclasses of AGNs with dierent properties in optical
spectroscopy (§1.1.1.2); objects that are viewed through the dusty obscuring re-
gion would be seen as type 2 AGNs like type 2 Seyfert galaxies and NLRGs, while
objects viewedatamoredirectanglewouldhavebroademission line feature such
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as type 1 AGNs like type 1 Seyfert galaxies and BLRGs. Intermediate objects would
have an intermediate amount of the obscuring material along the line of sight.
There is plenty of evidence supporting this scenario. First, spectropolarimetric
observations of type 2 AGNs provide an evidence that the broad line emissions are
actually obscured (e.g. Antonucci & Miller, 1985; Miller et al., 1991, for the type 2
Seyfert galaxyNGC 1068). Spectropolarimetry is a quite useful to investigate emis-
sion hidden by the obscuring region; it takes advantage of the fact that the ob-
scuring region will scatter some fraction of the background light into polarized
emission. The spectropolarimetric observations confirm that the broad line emis-
sion features appear in polarized emission from type 2 AGNs, strongly suggesting
that the broad line emissions are obscured except polarized emission reflected
in regions located outside of the dusty obscuring region. Second, observations of
numerous type 2 AGNs with Spitzer provided a direct evidence that there are ob-
scuring materials (e.g. Armus et al., 2006). The detections of silicates and molec-
ular features as PAH and H2 provide an evidence for presence of dusty, possibly
molecular-rich materials obscuring the broad line emissions.
In the type 1 AGNs, the dusty obscuring region and accretion disk are thought to
be viewed in nearly face-on orientation, while they are thought to be viewed in a
direction closer to edge-on orientation in the type 2 AGNs. This type of scenarios
connects the optical properties to the viewing angle of the accretion disk andpos-
sibly the obscuring material. This indication is consistent with indications from
the relativistic eects on the jet in radio-loud AGNs. In addition, in some radio-
loud AGNs, scattered broad-line emission has a polarization angle perpendicular
to the axis of the jets (e.g. Antonucci, 1984, for the type 2 Seyfert galaxy 3C 234).
This can be explained when the obscuring regions has an axis consistent with the
jet axis. The obscuring region has been illustrated as having a uniform, optically
and geometrically thick toroidal structure called “dusty obscuring torus” in the
literature as depicted in Figure 1.1. Note that, however, this “simplest” geometry
is by nomeans required to explain these observational properties; for instance, a
obscuring region with a patchy geometry has been proposed as amore probable
origin of obscuration in AGNsbasedon recent observations and theoreticalworks
(e.g. see Wada, 2012, and references therein).
It is also noteworthy that some recent works on the huge samples of AGNs ob-
tained with the Sloan Digital Sky Survey (SDSS) report some dierent statistical
trends between type 1 and type 2 AGNs, that is diicult to be explained by dier-
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ence of the viewing angles alone (e.g. Villarroel & Korn, 2014). This indicates some
dierences between type 1 and type 2 AGNs might be attributed to other origins
(e.g. evolutional dierence), while the majority of dierences is ascribable to the
dierence of viewing angles.
1.1.2.2 Radio-loud AGNs and their Unification
In the radio-loud AGNs (possibly except some LLAGNs), one of the representative
features is bipolar jets ejected from the nuclear regions at relativistic speeds as
illustrated in Figure 1.1. The special relativistic eects on the relativistic flow in
the jet play important roles to create diverse radio properties in radio-loud AGNs
(Urry & Padovani, 1995).
Radio morphology of AGNs has a wide variety, but they have several common
characters over various classes. The jets, i.e. highly collimated outflows are seen
in one or both sides of the compact nucleus called “the radio core”, depending
on the degree of the Doppler (de-)beaming eect. The jet oen extends to the
outside of the galaxy in which the AGN resides and terminates in diuse lobes.
These lobes are oen much larger than the host galaxy with a size of 1− 10 kpc
and can extend formany hundreds of kilo-parsecs and sometimes reach atmega-
parsecs. The largest radio lobes are one of the largest structure in the Universe,
indicating that the jet is one of the most powerful phenomena in the Universe.
On parsec scales, the jet is well-collimated and mostly appears as an one-sided
structure that is approaching towards us, due to the Doppler beaming and de-
beaming eects of the approaching jet and the receding counter jet, respectively.
The radio-loud AGNs have two subclasses, blazars and radio galaxies. The first
one, blazars are themost extreme class of AGNs, where the jet is viewed fromvery
close to our line of sight. The blazars have two subclasses. One is the BL Lac ob-
jects, which have featureless optical spectra. Another one is the flat-spectrum ra-
dio quasars (FSRQ), which are more luminous than BL Lac objects and also with
broad-line emission features in optical spectra. They have dierences in the lu-
minosity and optical emission feature, but share many observational properties
attributed to the strong special relativistic eects due to the small viewing angles.
The whole emission spectra of blazars is dominated by emission from the ap-
proaching side of the jet, which is highly amplified by the Doppler beaming eect
(e.g. Urry & Padovani, 1995). This leads that the source is dominated by the jet
properties and has a violentmulti-waveband variability. The SEDs of blazars have
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anunusual shapedominatedby twobumpsof thenon-thermal emission fromthe
jet boosted by the Doppler beaming eect; the synchrotron emission dominates
the lower energy side from radio to X-ray, while the inverse Compton emission
dominates the higher energy side from X-ray to γ-ray up to MeV, GeV and some-
times TeV energies.
The jets in blazars generally show the apparent superluminal motion of the jet
component (e.g. Whitney et al., 1971; Kellermann et al., 2004; Homan et al., 2001,
2009, 2014; Lister et al., 2009, 2013) as a consequence of the special relativistic
eect (Rees, 1966). The continuumemission fromblazars is generally polarized at
the radio and optical bands (e.g. Angel & Stockman, 1980), indicating that most
of emission at these bands is the non-thermal synchrotron radiation due to the
interaction between the relativistic electrons and the magnetic fields in the jet.
Another subclassof radio-loudAGNs is radiogalaxies,where the jet ismisaligned
with our line of sight. The jet in radio galaxies generally has a double-sided radio
lobes on kilo-parsec scales. Majority of their host galaxies is the elliptical galaxy
(e.g. Urry & Padovani, 1995). The radio galaxies are generally less aected by the
relativistic eects due to their larger viewing angles.
The radio galaxies have been categorized in two subclasseswith theirmorphol-
ogy on kilo-parsec scales based on a criteria originally proposed in Fanaro & Ri-
ley (1974). This categorization was applied to all radio-loud AGNs originally, but
is mainly used for the radio galaxies at the present. The first one is the Fanaro-
Riley type II (FR II) sources with (i) a highly collimated jet, (ii) lobes with an edge-
brightened morphology, (iii) the compact and bright hotspots where the jet ter-
minates and (iv) a fairly straight large-scale morphology. The second one is the
Fanaro-Riley type I (FR I) sources, which are less powerful and do not have such
an extreme morphology. FR I sources have (i) a less collimated jet with a larger
openingangle, (ii)moreplume-like lobeswithanedge-darkenedmorphology, (iii)
no hotspots and (iv) many bends in the jet. FR II sources are generally more lumi-
nous thanFR I sources. The jetofbothFR I andFR II radio sources iswell collimated
on parsec scales.
In the unified scheme, BL Lac objects represent a low-luminosity side of radio-
loud AGNs, viewing FR I sources at small viewing angles. On the other hand, the
more luminous FSRQs are located at a high-luminosity side, viewing FR II sources
along close to our line of sight. The sources with intermediate inclination angles
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are BLRG at the low luminosity side and steep-spectrum radio quasars (SSRQ) at
the high luminosity side.
1.1.2.3 Interpretations for the Luminosity and Spectrum
The luminosity is one of two intrinsic parameters causing the variety of the obser-
vational properties in AGNs in the unified scheme. The luminosity is thought to
reflect the mass accretion rate the accretion disk, providing the dierence in the
spectrum between luminous AGNs and LLAGNs.
Figure 1.3 (a) shows typical spectrumenergy distributions (SEDs) of radio-quiet
AGNs, radio-loudAGNsandLLAGNs.Since the radioemission in the luminousAGNs
is generally dominated by non-thermal synchrotron emission from the jet, the ex-
istence of the bright jet at radio band makes luminous AGNs radio-loud. The IR
emission is mainly thermal emission re-emitted by the dusty obscuring region.
The high energy emission such as X-ray and γ-ray is thought to be radiated by
inverse-Compton scattering in which lower-energy photons are scatted by more
energetic electrons in the relativistic jet and/or the hot corona surrounding the
central engine. For LLAGNs, the high energy emission canbe explainedby inverse-
Compton scattering and/or free-free emission.
In the luminous AGNs, the bolometric luminosity is mostly attributed to emis-
sion at the band between optical and ultra violet (UV), where the SED has a bump
called the big blue bump. The big blue bump is thought to originate in emission
from an optically-thick and geometrically-thin accretion flow called the standard
disk (Shakura & Sunyaev, 1973). The standard disk is generated in the accretion
flowwith relatively highmass accretion rate of 10−3 . M˙/M˙Edd . 1 (Abramow-
icz et al., 1995), where M˙Edd is the Eddington mass accretion rate. The standard
disk has the accreting matter enough to be optically thick, leading that the ac-
cretion flow can eiciently release the gravitational energy into the radiational
energy. The standard disk has a relatively lower temperature due to its eicient
radiative cooling, leading to the lower gas pressure and geometrically-thin flow
structure. The SED of the standard disk is a composite of the optically-thick ther-
mal emission (i.e. the black body radiation) spectra over a range of temperatures
of∼ 104 − 106 K, creating the big blue bump in optical and UV regimes.
Figure 1.3 (b) shows various SEDs of the radio-quiet AGNs at dierent bolomet-
ric luminosities. The big blue bump is seen in the luminous AGNs (L/LEdd &
10−3). The big blue bump has a lower luminosity and a lower peak frequency for
10 BACKGROUND OF THE THESIS
Radio-loud quaser
Radio-quiet  quaser
LLAGN
(a)
10 cm 1 cm 1 mm 100 µm 10 µm 1 µm 1000 Å 0.1 keV 1 keV 10 keV
9 10 11 12 13 14 15 16 17 18
lo
g
 (
ν
L
ν
/e
rg
s
 s
–
1
)
46
44
42
40
38
log Lbol /LEdd ≥ 0
–1 ≤ log L
bol
/L
Edd
 < 0
–3 ≤ log L
bol
/L
Edd
 < –1
log L
bol
/L
Edd
 < –3
(b)
Figure 1.3: The composite SEDs of AGNs. (a) The average SEDs of low-luminosity AGNs
(orange line), luminous radio-loud quasars (blue line) and radio-quiet quasars
(red line) (edited a figure in Yuan, 2007). (b) The averaged SEDs of the radio-
quiet AGNs with dierent bolometric luminosities (Ho, 2008).
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sources with a lower bolometric luminosity, that is ascribable to lower mass ac-
cretion rate. However, the big blue bump suddenly disappears in the LLAGNs. The
most prominent feature of LLAGNs is the lack of thebig bluebump in their spectra.
This leads to the hard spectrum from X-ray to optical regime and also large radio-
loudness. Another important feature is the existence of a bump in sub-mm or far
infra-red (FIR) regime. Interpretation of sub-mm/FIR bump depends on theoreti-
calmodels, but the accretion flow in LLAGNs is thought to be vastly dierent from
the standard disk. Due to a lowaccretion rate of M˙/M˙Edd  1, the disk becomes
optically thin and radiatively ineicient, so that the advection cooling becomes
predominant instead of the radiative cooling. This leads to a quite dierent phys-
ical behavior of the accretion flow called the radiatively ineicient accretion flow
(RIAF; see 2.1.7.1).
1.1.2.4 Low Luminosity AGNs in the Unified scheme
LLAGNsdonot follow the standardunification scheme (seeHo, 2008, for a review);
LLAGNs are not simply located in the low-luminosity end of Figure 1.2. First of
all, their central engines undergo fundamental changes when the accretion rate
drops to extremely sub-Eddington values. The accretion disk becomes the RIAF
(see 2.1.7.1) with a lack of the big blue bump in optical and UV regimes, leading
that the circum-nuclear gas is less ionized by UV photons from the accretion disk.
The results of spectropolarimetric survey toward type 2 Seyfert galaxies seeking
for reflected broad-line emission indicate that the “true type 2” (“naked type 2”)
Seyfert galaxies, which intrinsically do not have any broad line region, are more
common in LLAGNs (e.g. Tran, 2001, 2003). In addition, the Palomar survey of the
nearby LLAGNs provides a statistical trend that the BLR vanishes at the lowest
luminosities or Eddington ratios (Ho, 2008). Similarly, the obscuring region disap-
pears at very low luminosities, indicated by observational evidences such as the
lowabsorbing columndensities andweakor undetected FeKα emission in a large
fractionof LINERs (Ho, 2008). LLAGNsarenot simply scaled-downversionsof such
powerful AGNs, since the BLR and the obscuring region disappear in LLAGNs in ex-
tremely sub-Eddington regime.
1.2 BRIEF OVERVIEW OF THE RELATIVISTIC JET IN AGNS
The relativistic jets, which are one of the representative features in radio-loud
AGNs, have posed many intriguing questions in astrophysics. In this subsection,
we briefly overview typical issues on the relativistic jet in AGNs. Since the debated
12 BACKGROUND OF THE THESIS
issues on the relativistic jet are highly diversified and wide-ranging, here we take
up specific issues related to the present thesis.
The relativistic jet launched in AGNs is one of themost powerful phenomena in
the Universe as introduced in §1.1.2.2. The relativistic jet is ultimately powered by
the SMBH and the accretion disk at the center of AGNs. The launched jet is gradu-
ally accelerated toa relativistic speednear the speedof light, collimated intoanar-
row flowwith a very small opening angle of a few degrees. The jet penetrates the
external environment such as the interstellar medium in its host galaxy and the
intergalactic medium on more larger scales, and then ends at a huge radio lobe
with a terminal shock calledahot spot. At some regions in the jet, someamountof
the kinetic energy of the flow is converted into the internal energy of the particles
through a shock or other processes, causing highly energized particles radiating
the non-thermal emission at the whole energy band from radio to γ-ray.
1.2.1 Formation of the Relativistic Jets
Oneof themost fundamental question is how the relativistic jets are formed in the
vicinity of SMBHs. Although numerous studies have been performed both obser-
vationally and theoretically in the last several decades, this issue is still openques-
tion and not fully understood. A primary challenge is still explaining the following
most basic observational properties; (i) the collimation process causing the nar-
row streams with opening angles of only a few degree Jorstad et al. (e.g. 2005);
(ii) the acceleration process resulting in the relativistic flowswith bulk Lorentz fac-
tors of up to 10-30 ormore (e.g. Kellermann et al., 2004; Homan et al., 2001, 2009,
2014; Lister et al., 2009, 2013); (iii) themechanism sustaining such a structure over
a wide range of distance from the central engine to kilo- or mega-parsecs.
One of possible scenarios is that the jets are hydrodynamical, kinetic energy-
dominated flows accelerated by gas pressure gradients. If the gas is heated to a
temperature high enough that the mean energy of particles exceeds its gravita-
tional biding energy, a substantial mass loss will occur in the accretion disk. Such
a condition can be achieved when the outer surface of an accretion disk is irradi-
ated by the X-ray from the inner part of the disk (Begelman et al., 1983), or when
the accretion disk is a hot accretion disk (Takahara et al., 1989) such as RIAFs (see
§2.1.7.1). The jets can be collimated by a gas pressure from the external medium
surrounding the jets as originally proposed by Blandford & Rees (1974). The exter-
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nal gas pressure can also formade Laval nozzlewhere the flowof the hot gas gets
supersonic.
Alternatively, the current theoretical paradigms are preferable based on mag-
netohydrodynamic (MHD) schemes,where themagnetic fieldplays important roles
for collimating and accelerating the jets (e.g. Lovelace, 1976; Blandford, 1976). On
the framework of MHD schemes, the dierential rotation in the black holes’s ergo-
sphere or the inner accretion disk creates the tightly-twisted magnetic field. The
flow is initially highly-magnetized so that thePoynting flux dominates the total jet
energy. The jet can be launched and accelerated by the magnetic pressure gradi-
ent of the toroidal-field component andmagneto-centrifugal force of thepoloidal
component, resulting that the Poynting energy of the jet is gradually converted
into the kinetic energy. The jets are confined by the magnetic hoop stress of the
toroidal-field component and/or the external pressure from the accretion disk or
the ambient medium. The ultimate source of the jet energy is the rotational en-
ergy of the spinningblackhole (Blandford&Znajek, 1977) and/or the gravitational
energy of the accretingmaterial released in the accretiondisk (Blandford&Payne,
1982).
Recently, significant progresses have been achieved in the theoretical studies
based on the general relativistic-MHD (GRMHD) simulations (e.g. McKinney, 2006;
Komissarov et al., 2007). GRMHD simulations have shown that the jet is initially
formed with a large opening angle, and collimated/accelerated gradually in the
inner 103 Rs region. The jet has a paraboloidal shape confined by the external
mediumand the internalmagnetichoopstress in this region. ThePoyntingenergy
is gradually converted into the kinetic energy in the acceleration process, result-
ing in the bulk Lorentz factor of ∼ 10 at the end of the collimation/acceleration
region. Beyond this region, the flow shape gets conical due to the lack of forces
confining the stream.
1.2.2 High Energy Particles and Photons in the Relativistic Jets
Another fundamental question is how high-energy particles and photons are gen-
erated in the relativistic jets. Radio observations have revealed that the relativis-
tic jets are generally illuminated by synchrotron emission attributed to the rela-
tivistic leptons. High-energy photons with up to GeV or TeV energies would be at-
tributed to the relativistic leptons andpossibly hadrons. The particle acceleration
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processes in the relativistic jets are very important to understand their observa-
tional properties.
The origin, in particular, the location of such high-energy leptons in the jet has
been unclear. A widely preferred scenario is the internal shock scenario in which
the particle energization is expected to occur at about 1016−17 cm (∼ 0.01− 0.1
pc ∼ 10 − 100 Rs for MBH ∼ 108 M ) from the central engine. On the other
hand, it is recently proposed based on multi-wavelength observations towards
blazars and the radiogalaxyM87 that theparticle (re-)accelerationoccurs at larger
distance, even more than 1-20 pc from the black hole possibly attributed to the
stationary shock feature (e.g. Marscher et al., 2008, 2010) possibly attributed to
over-collimation of the jet (e.g. Stawarz et al., 2006; Cheung et al., 2007; Asada &
Nakamura, 2012).
Recent theoretical works have shown that the particle acceleration can occur
more inner region of the jet or the accretion disk. (Riquelme et al., 2012) performs
two-dimensional (axis-symmetric) Particle-in-cell (PIC) simulations and reveals
that magnetic reconnection produces a distinctive power-law component in the
energydistribution functionof theparticles, indicating the likelihoodofnon-thermal
ion andelectron acceleration in collisions accretiondisks. On theother hand, very
recently, (Broderick & Tchekhovskoy et al., 2014) have shown that the eicient ac-
celeration of leptons can occur within the jet near the stagnation surface of the
black hole where the separatrix between material that falls back into the black
hole and material that is accelerated outward forming the jet. These processes
might explain non-thermal emission from the inner ∼ 10 Rs region, where both
internal-shock and far-side stationary-shock scenarios can not explain the parti-
cle acceleration.
1.2.3 Importance of Observational Studies at High Spatial Resolu-
tion
At the present, observational studies of the jet formation or production of high
energy particles/photons are extremely limited due to the insuicient spatial res-
olution. For probing the formationmechanismof the relativistic jet or the particle
acceleration at the jet base and/or accretion disk, it is very important to spatially
resolve the flow and emission structure of the accretion disk and/or the jet base
in the vicinity of the SMBH on scales of< 102 Rs.
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On the other hand, for high-energy emission, in addition to the location, many
fundamental properties such as the size of the emission region, kinds of emitting
particles and the structure of underlying jet flow are not well confirmed also due
to the lack of spatial resolution. The spatial resolution of∼ 0.1 pc is required for
resolving the emission region and probing its detailed structure (see §4.1).
1.3 MILLIMETER VLBI: TECHNICAL BACKGROUND OF
THE THESIS
High spatial resolution of the telescope is one of the most important factors to
probe the physical nature of the central engine in AGNs. For instance, the spatial
resolution of∼ 1 mas is required for probing a region with a size of R < 102 Rs ∼
0.1 pc in the nearby AGNs with aMBH ∼ 108 M at a distance of 100 Mpc, which
corresponds to extent of the accretion disk, the production region of the relativis-
tic jet and the size of the high-energy-emission region.
If a telescope has a diameter of D at an observing wavelength of λ, the spatial
resolution of the telescope is given by θ ∼ λ/D. For achieving higher spatial
resolution, we need to perform an observations at a shorter wavelength (a higher
frequency) with a larger diameter. In Figure 1.4, we show the spatial resolution of
existing astronomical instruments.
Very Long Baseline Interferometers (VLBI) are a unique instruments achieving
very high spatial resolution of . 1 mas thanks to their extremely large eective
diameters comparable to or larger than the size of earth. In particular, the spatial
resolution of VLBI can reach at few tens of micro-arcseconds at short-millimeter
wavelengths, comparable to the Schwarzschild or gravitational radii of the near-
est super-massive black holes. Such a extremely high-spatial resolution will be
achieved with the Event Horizon Telescope (EHT) in the next decades, providing a
great deal of progresses in studies of astrophysical phenomena in the vicinity of
the SMBHs, such asmass accretion processes, formation of the relativistic jet and
production of high-energy particles and photons.
In the thesis, we present studies on themain targets of the EHTwithmillimeter
VLBI facilities including EHT itself as pre-studies for the next EHT era. In this sec-
tion, we briefly introduce VLBI and EHT as the technical background of the thesis.
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Figure 1.4: Spatial resolution of the existing instruments as a function of the observing
frequency (edited in a figure in Lobanov (2007).
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©NASA
Figure 1.5: A schematic view of Very Long Baseline Interferometers. Image is taken from
the website1of the space-geodesy group in NASA/JPL.
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1.3.1 The Basic Concepts of VLBI
VLBIs and more generally radio interferometers consist of arrays of widely sepa-
rated single-dish telescopes. The key idea of the radio interferometry is based on
the fact that the signals from cosmic sources arrive at dierent telescopes on dif-
ferent times. For the case of an interferometer with two stations shown in Figure
1.5, the signal from the point source is received at two stations with a geometric
delay of τg = D · s/c , where D is a baseline vector and s is a unit vector directed
into thesource fromtheEarth.Wecanmeasure thebrightnessanddirectionof the
source from the magnitude of the signals and the geometric delay, respectively.
In the VLBI observations, the signals are separately recorded at each station with
very accuratemeasurements of their arrival time using the hydrogenmaser clock
synchronized by the GPS clock. Data are generally transferred to a central facility
of the VLBI observatory and processed in the correlator at there.
The goal of the interferometric observations is of course to obtain the intensity
distribution I(x, y) of a target source at a frequency ν. (x, y) is a sky coordinate
(usually in the equatorial coordinate) relative to a reference position so called the
phase-tracking center. The observed quantity is a complex function called visibil-
ityV(u, v), which is related to I(x, y)by two-dimensional Fourier transformgiven
by
I(x, y) =
∫ ∞
−∞
∫ ∞
−∞
du dvV(u, v) exp (i2pi(ux+ vy)) (1.1)
Here, u and v are the projections of the baseline vector (i.e. projected baseline
lengths) normalized by the observing wavelength D/λ into x-axis and y-axis, re-
spectively. Since the intensity I(x, y) is a real function, the visibility V(u, v) is a
complex function with the Hermit symmetry of V(−u,−v) = V∗(u, v). V(u, v)
is obtained from the Fourier transformation of the cross correlation of the input
signals at two stations, which is performed in the correlator.
The visibility can be expressed with the amplitude term Vamp and the phase
term φ as
V(u, v) = Vamp exp(iφ). (1.2)
u and v are also called as the spatial frequency, because the visibility V(u, v) is
the Fourier transformation of the intensity distribution. The visibility amplitude
1 http://space-geodesy.nasa.gov/techniques/VLBI.html
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indicates a strength of the sinusoidal patternwith the spatial frequencies of u and
v inside the image, while the visibility phase indicates a position of that pattern.
The visibility at larger u and v reflects smaller fluctuations in the image. It means
that observing at the larger baseline length and shorter wavelength is equivalent
to correcting information of the intensity distribution on finer spatial scales, lead-
ing to high spatial resolution of∼ λ/D.
Here, we consider physical meaning of the amplitude term and phase term us-
ing a circular Gaussian component in the sky. The intensity distribution of the
component can be written by
I(x, y) =
F
2piσ
exp
(
− (x− x0)
2 + (y− y0)2
2σ2
)
, (1.3)
where F, σ and (x0,y0) is the total flux, the variance (∝ the FWHM size) and the
position of the component. The visibility for the intensity distribution is given by
V(u, v) = F exp
(
−pi2σ2
(
u2 + v2
))
exp (i2pi (ux0 + vy0)) . (1.4)
Theamplitudeandphase termsof thevisibilityareVamp = F exp
(−pi2σ2 (u2 + v2))
and φ = 2pi (ux0 + vy0). The flux density and the size is included in the ampli-
tude term, while the position is included in the phase term. Although such a infor-
mation is not simply separated into the amplitude and phase term for the case of
more than two components, we can estimate characteristic flux density and size
of the sources from the amplitude measurements. One can easily imagine that
the measurements of phases is closely related to the geometric delay since both
quantities reflect the position of the sources.
The most important thing in interferometric observations is the precise mea-
surement of the visibility phase and amplitude. In VLBI observations, visibility
measurements are severely aected by the Earth’s atmosphere, in which water
vapor is distributed non-uniformly and the signals from the source thus propa-
gate through dierent optical paths. In particular, the atmospheric (in particular,
tropospheric) fluctuations cause the time variation in the signal delay, leading to
the phase fluctuations. In VLBI observations, generally, we need to detect signals
within a time duration so-called the coherence time in which the phase is rotated
by the atmospheric fluctuation. The typical coherence time is∼1 min at∼ 1 cm
and∼ 10 sec at∼ 1 mm.
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The phase fluctuations is very severe problem at short-millimeter wavelengths
of∼ 1 mm, because it is generally very diicult to measure visibilities with a high
SNR in such a short coherence time. This diiculty can be overcome by incoher-
ent averaging techniques (Rogers et al., 1995) for the amplitude measurements,
where theamplitudecanbeestimatedbyaveragingshortly segmenteddata (within
the coherence time) over an integration timemuch longer the coherence time.On
the other hand, since the visibility phase information is destroyed in the process
of the incoherent averaging, the visibility phase still needed to detect within a
short coherence time. In general, the robustmeasurements of the visibility phase
is considerably diicult particularly for not strong sources.
In millimeter VLBI observations at∼ 1 mm, the closure phase has been used in-
stead of the visibility phase as an interferometric phase information. The closure
phase is defined by the sumof the visibility phases on three closed baselinesmak-
ing a triangle as
φijk = φij + φjk + φki,
where φij is the visibility phase on the baseline between stations i and j. The clo-
sure phasemust be zero if the structure has a point symmetry. In otherwords, the
structure should have asymmetric structure if the closure phase is not zero.
The biggest advantage of the closure phase is that it is not aected by system-
atic errors of the visibility phase attributed to the station-based origins such as
the atmospheric fluctuation eects. If such phase error of ∆φi is induced at each
station, it is cancelled out in the closure phase as follows:
φobsijk = φ
obs
ij + φ
obs
jk + φ
obs
ki (1.5)
=
(
φintij + ∆φi − ∆φj
)
+
(
φintjk + ∆φj − ∆φk
)
+
(
φintki + ∆φk − ∆φi
)
(1.6)
= φintij + φ
int
jk + φ
int
ki (1.7)
= φintijk . (1.8)
Thismeans that theclosurephaseonly reflects the informationof the source struc-
ture, and then it is the robust quantities not biased by station-based errors. The
closure phase is a key quantity for modeling images in short-millimeter VLBI ob-
servations . Formeasuring theclosurephaseswithgoodSNRs, the sensitivitymust
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be enough high at all three stations, since the errors are dominated by the errors
on the baseline with the lowest sensitivity.
1.3.2 Long-millimeter VLBI Facilities Used in This Thesis
Here, we briefly introduce millimeter VLBI facilities VERA and VLBA (Figure 1.6),
with which we performmillimeter VLBI observations at 43 GHz (i.e. 7 mm) in this
thesis.
VERA (the VLBI Explorationof Radio Astrometry) is the first VLBI array dedicated
to phase-referencing VLBI for Galactic astrometry, consisting of 4 antennaswith a
diameter of 20macross Japan (e.g. Honmaet al., 2000). Observing frequencies of
VERA are 6.7 GHz (S-Band), 8 GHz (X-Band), 22 GHz (K-Band) and 43 GHz (Q-Band).
The maximum baseline length of VERA is 2,270 km between Mizusawa and Ishi-
gaki stations, providing a maximum angular resolution of∼ 0.5 mas at 43 GHz. A
noteworthy feature of VERA is the dual-beam receiving mode (e.g. Honma et al.,
2003) with two movable receivers, in which two sources can be simultaneously
observed. It provides a unique ability to perform simultaneous observations of
two sources within 0.3◦ − 2.2◦ separation from each other on the sky. This pro-
vides a great advantage for the phase-referencing observations, in which the at-
mospheric eects on the visibility phases for a weak target source is solved by
nearby strong source. In the traditional “fast-switching”method, the two sources
(targetandphasecalibrator) arealternately scannedevery fewminutes, i.e., timescale
shorter than that of the atmospheric change, reducing the integration time of the
target source down to a half or a quarter of the observing duration and thus re-
ducing the sensitivity. The dual-beammethod does not need this “trade-o” and
allows to allocate much longer integration time on the target source.
VLBA (the Very LongBaseline Array) is the largest ground-based VLBI array, ded-
icated in full time to astronomical studies. It consists of 10 antennaswith a diame-
ter of 25m across the United States. VLBA covers various observing frequencies of
0.3 GHz, 0.6 GHz, 5 GHz, 8 GHz, 15 GHz, 22GHz, 43 GHz and 86 GHz. Themaximum
baseline length of VLBA is 8,611 km between Mauna Kea and Saint Croix stations,
yielding a spatial resolution of∼ 0.2 mas at 43 GHz.
1.3.3 ImportanceofVLBIObservationsatShort-millimeterWavelengths
The global VLBI array across the Earth can achieve an extremely high spatial res-
olution of few tens of microarcseconds at short-millimeter wavelength (λ ≤ 1.3
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Figure 1.6: (Upper) Four antennas of VERA array across Japan. Image was adopted from
http://veraserver.mtk.nao.ac.jp/system/index-e.html. (Lower) Ten
antennas of the VLBA across the United States. Imagewas adopted from http:
//www.vlba.nrao.edu/sites/.
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Table 1.3: The angular size of Schwarzschild radius of typical AGNs
Source Mass Distance Angular Size of Rs Ref.
(106 M) (Mpc) (µas)
Sgr A* 4 8× 10−3 10 §2.1.3
M87 (NGC4486;Virgo A) 3-6× 103 15 3-7 §3.1.2
M104 (NGC4594;Sombrero) 1× 103 10 2 Ferrarese & Ford (2005)
Cen A (NGC5128) 5× 10 4 0.25 Ferrarese & Ford (2005)
mm, ν ≥ 230 GHz). The microarcsecond-scale resolution is quite important to
probe the high energy phenomena in the vicinity of the SMBHs at least following
two reasons.
1) Resolving the Rs-scale structure of the nearby SMBHs
Table 1.3 shows the top 4 nearby AGNs with the largest angular sizes of Rs. Here,
we limited to AGNs, because they are more luminous than normal galactic nuclei
at radio band and then more suitable for investigating environment near central
black holes with VLBI. Some nearby normal galaxies such as M31 (∼ 108 M; Ben-
der et al., 2005) host SMBHswith larger angular sizes, but their nuclei are too faint
to be studied with VLBI.
The spatial resolution of the global short-millimeter VLBI array can reach at
the angular size of the SMBHs in the galactic center Sgr A* and the nearby radio
galaxy M87. This means that the short-millimeter VLBI can (1) test the Einstein’s
general relativity in a strong gravity regime by obtaining an image of the black
hole shadow around their event horizon (e.g. Falcke et al., 2000; Doeleman et al.,
2009; Fish et al., 2014), (2) probe the accretion flow around a black hole and (3)
probe the jet production region in these sources on scales of ∼ Rs through the
direct imaging of the event-horizon-scale structure in the vicinity of the SMBHs. It
is quite clear that observations on this scale will provide significant progresses in
studies of physical processes in the vicinity of the black holes.
1.3.3.1 Resolving the high-energy-emission region in the relativistic jet
The extremely high-spatial resolution is also beneficial to investigate the high-
energy-emission region in the relativistic jet. First, its spatial resolution can reach
at a few tens of microarcsecond corresponding to . 0.1 pc at z . 2. Consider-
ing that most of fermi-detected γ-ray AGNs are located at z . 2 (Ackermann et
al., 2011a), short-millimeter VLBI can resolve the γ-ray emission region in vastma-
jority of γ-ray AGNs. This provides a potential to directly measure the size and
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detailed structure of high-energy emission region as well as the trajectory of the
jet around it, which are key parameters of theoreticalmodels (see §4.1 for details).
Second, observations at shorter wavelength are less aected by synchrotron self-
absorption (SSA) eects, providing adeeper viewof the relativistic jet (see §3.1.3.2
for details). Previous studies revealed a delayed brightening of the radio flux den-
sity at lower frequencies that can be attributed to stronger SSA eect at the high
γ-ray state (e.g. Orienti et al., 2013; Hada et al., 2014), suggesting that shorter-
wavelength observations are desirable to investigate the jet structure in connec-
tion with γ-ray emission.
1.3.4 Event Horizon Telescope
VLBIobservationsat short-millimeterwavelengthshavebeen technically challeng-
ing due to the limited sensitivity of the instruments, fast atmospheric phase fluc-
tuations and small number of available stations. Recent technical developments
(e.g. phased-arrayprocessors,digital backendsand recordingsystemswithbroader
bandwidths) and the addition of new (sub)millimeter telescopes have led to a
breakthrough to (sub)millimeterVLBIobservations. Inparticular, significantprogress
on 1.3 mm VLBI observations has been achieved in the last few years with the
Event Horizon Telescope (Doeleman et al., 2008, 2009, 2012; Fish et al., 2011, 2013;
Lu et al., 2012, 2013, 2014; Akiyama et al., 2014b).
TheEventHorizonTelescope (EHT) is an internationalproject toconstructglobal
short-millimeter VLBI array observing at 1.3 mm and 0.87 mm. The main goal of
the EHT is (i) testing general relativity by imaging the shadow feature due to the
event horizon of the super-massive black hole (SMBH), (ii) understanding accre-
tionaroundablackholeand (iii) understanding jet genesisandcollimation, through
the direct imaging of the event-horizon-scale structure in the close vicinity of the
SMBH in Sgr A*, M87 and other nearby AGNs. EHT is also expected to provide the
most inner-view of the radio core ever in other radio AGNs, which is crucial to con-
strain on the physical nature of the high energy phenomena in the relativistic jet.
1.3.4.1 History of EHT and Background of Chapter 3 and 4 in the Technical Context
Early EHT observations (Chapter 3 and Chapter 4, Doeleman et al. 2008, 2012;
Fish et al. 2011; Lu et al. 2012, 2013; Akiyama et al. 2014b) were performed with
an array at three geographic site: the Arizona Radio Observatory’s Submillimeter
Telescope (ARO/SMT) on Mt. Graham in Arizona, both two single antennas and
a phased array of Combined Array for Research in Millimeter-Wave Astronomy
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Figure 1.7: The array configuration of early EHT observations
(CARMA) onCedar Flat in California, andCaltech SubmillimeterObservatory(CSO)
, James Clerk Maxwell Telescope (JCMT) and a phased array of Submillimeter Ar-
ray (SMA; Ho et al. 2004) with CSO/JCMT on Mauna Kea in Hawaii (Figure 1.7).
EHT works are the nostalgia trip to 1970s2, which is the era of the dawn of Very
Long Baseline Interferometry (Moran, 1998). In 2007, EHTmade the first footprint
by acquiring information of themicro-arcsecond-scales structure in the Universe
throughmeasurementsofonlyamplitudeof thecorrelatedcomplexvisibility. 2007
Observations were performed with an array of three single-dish telescopes con-
sisting of SMT, a single antenna in CARMA and JCMT, successfully resolving the
event-horizon-scale structure of Sgr A* (§2.1.5.2; Doeleman et al. 2008). The sec-
ond EHT observationswere held in 2009with a slightly updated array of SMT, two
single antennas in CARMA and JCMT. 2009 observations detected daily variations
in event-horizons-scale structure of Sgr A* (§2.1.5.2; Fish et al. 2011) and the ISCO-
scale structure of M87 (§3.1.3.3; Doeleman et al. 2012). These results are based on
themeasurements of the characteristic size derived from the visibility amplitude
distribution, as the first VLBI observations in 1967 (Broten et al. e.g. 1967a,b; Bare
et al. e.g. 1967; and see Moran (1998))
2 This was actually what a referee commented on Lu et al. (2012) in the peer-reviewing process.
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Figure 1.8: The 1.3mmVLBI image of FSRQs 1921-293 (le; Lu et al., 2012) and 3C 279 (right;
Lu et al., 2013) modeled by observed visibility amplitudes and closure phases.
Another important update in 2009 observations is the first detection of the clo-
sure phase on the blazar 1921-293, providing the first 1.3 mm VLBI interferometric
phase information of the Universe. This gives more detailed structural informa-
tion such as relative positions of resolved components, enabling tomodel the im-
age using the visibility amplitude and closure phase (Figure 1.8; Lu et al. 2012).
This is what Rogers et al. (1974) did on FSRQ 3C 273 and FR I radio galaxy 3C 84
using the closure phase detected for the first time.
In2011 thephased-arrayprocessorwas introduced inSMAandCARMA,enabling
to use the whole interferometer as a single very sensitive telescope aer test ob-
servationswithSMT, aphasedarrayofSMAandAtacamaSubmillimeterTelescope
Experiment (ASTE) in 2010. 2011 observations were performed with SMT, phased
array of CARMA and phased stations in Hawaii. Atacama Pathfinder EXperiment
(APEX) and IRAM 30malso joined in 2011 observations, but failed to detect fringes
probablydue tosystemfailures. Although therewasalsoasystemtrouble inCARMA
(Lu et al., 2013), observations revealed the fine-scale structure of the blazar 3C 279
(Figure 1.8; Luetal. 2013). In chapter4,we reportonEHTobservationsof theblazar
NRAO 530 in this year. Observations provide the fine-scale structure of NRAO 530.
Although imaging blazars with EHT is not a new step in the technical context, it is
the first following-up observations with EHT aer the large γ-ray flare in AGNs.
In 2012 observations, observations were performed with SMT, CARMA, phased
SMAandJCMTusingnewdigital backend systemsand recording systems. In chap-
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ter 3, we report on M87 observations in this year. We acquired the 1.3 mm VLBI in-
terferometric phase information of the event-horizon-scale structure in the close
vicinity of SMBH for the first time for the sources whose black holes will be ex-
pected to be imaged. This is very important foot print in the technical context for
imaging the black holes in Sgr A* and M87 in the next decades. We also got a pre-
liminary result detecting apparent super-luminalmotion and expansion of the 1.3
mm structure in the blazar for the first time for 3C 279 in 2012 observations (see
Chapter 5; Akiyama et al. in prep.).
The number of geographic sites will significantly increase aer 2015, which will
enable to image the 1.3memission structureusingnewlydeveloped imaging tech-
niques. Future prospect of EHT observations aer 2013 are introduced in Chapter
5.
Finally, we note about 1.3 mm emission structure of blazars detected in Lu et
al. (2012) and Lu et al. (2013). EHT observations have revealed that the innermost
structure at 1.3 mm is suggested to have a curved geometry (Figure 1.8) for all of
EHT-observed blazars including NRAO 530 presented in Chapter 4. We discuss its
physical implications in Chapter 4.

2
LONG -T ERM VAR I AT I ON OF
THE M I L L I A RCS ECOND -SCA L E
STRUCTURE I N SGR A *
2.1 REVIEW: THE GALACTIC CENTER SAGITTARIUS A*
There is plenty of evidence that the center of our galaxy hosts a SMBHwith amass
of∼4× 106 M at a distance of∼8 kpc. The compact radio source Sagittarius A*
(Sgr A*), located in thegalactic center, is associatedwith this SMBH. In this section,
we introduce various properties of Sgr A*.
2.1.1 Sgr A* as an AGN : Extremely Low Luminosity AGN
Inaword,SgrA* isanextremely faintobjectasanAGNwithextremely sub-Eddington
luminosity. The bolometric luminosity of Sgr A*, which is∼ 1036 erg s−1, is∼ 8.5
orders ofmagnitude smaller than the Eddington limit for its black holemass of∼
4× 106 M in spite of the existence of the large gas reservoir from stellar winds in
its vicinity (Melia et al., 2001). Evenwhen comparedwith LLAGNs, its luminosity is
∼ 3-4 orders of magnitude smaller than typical LLAGNs. However, studies of the
fundamentalplaneofblackholeactivity indicate thatSgrA*andAGNsshareacom-
mon system powered by releasing gravitational energy of accreting gas through
an accretion disk onto a SMBH. In Figure 2.1, we show the fundamental plane,
which indicates a relation between radio and X-ray luminosities and mass, inde-
pendently found by Merloni et al. (2003) and Falcke et al. (2004). As clearly seen
in Figure 2.1, Sgr A* is located almost on the fundamental plane and linking be-
tween stellarmass black holes and other AGNswith SMBHs. Although it is diicult
to know the detail emissionmechanism from the fundamental plane, theoretical
studies of Sgr A* reveal that the mechanism of the central engine of Sgr A* is ap-
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Figure 2.1: The fundamental plane of black hole activity, relating radio luminosity, X-ray
luminosity and mass over more than eight orders of magnitude in black hole
mass (Fender et al., 2007).
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plicable to LLAGNs (see §1.1.2.3, §1.1.2.4 and §2.1.7), which are the majority of the
nearby AGNs and also hosted by∼ 40% of nearby galaxies (e.g. Ho, 2008).
2.1.2 Uniqueness of Sgr A* : the Nearest Black Hole Laboratory
The proximity of Sgr A* is the most unique point of Sgr A*, which makes it the
nearest laboratory of the SMBHs. The distance of∼ 8 kpc is∼ 100 times smaller
than that of the next closest galactic nucleus inM31 (NGC224; AndromedaGalaxy).
Thanks to its proximity, the SMBH in Sgr A* has the largest angular size of the
Schwarzschild radius (Rs) among known black hole candidates in the Universe
(see Table 1.3). Sgr A* is one of two main targets of the Event Horizon Telescope
(EHT; §1.3). EHT is expected to achieve a direct imaging of the event-horizon of
the SMBH at 1.3mm in the next several years, which is crucial to test the Einstein’s
general relativity in a strong gravity regime.
Another uniqueness of Sgr A* is its short dynamical time-scales owing to its rel-
atively low black hole mass. Typical dynamical time-scales are orders of minutes
to hours relating with the orbital period near the inner most stable circular orbit
(ISCO). For example, the Keplerian orbital period at the inner most stable circu-
lar orbit is∼ 30 minutes for assuming a non-rotating black hole. In the case of a
maximally rotating Kerr black hole, it becomes∼ 4minutes (prograde case) to∼
54 minutes (retrograde case) depending on the relation of orbital motion of the
matter and the black hole spin (Melia et al., 2001, recalculated for 4 × 106 M).
Therefore, variability of Sgr A* is expected to have short time-scales comparable
to the orbital periods. Compared to time scale associated with stellar mass black
holes andother AGNs, in particularM87, variabilities on such short time-scales are
practical for coordinating multi-wavelength observations.
2.1.3 The Black Hole Mass and Distance
There aremany robust evidences that Sgr A* is associatedwith the SMBHof∼ 4×
106 M at the Galactic center, provided by NIR observations of the gas and stellar
dynamics in the vicinity of Sgr A* and the VLBI astrometry of Sgr A* .
First, we introduce the excellent works achieved with NIR observations of the
stars and gas in the nuclear clusters (Figure 2.2) around Sgr A*. The patient mon-
itoring observations over three decades revealed the detailed dynamics of the
stars and gas, providing the direct evidence for presence of the SMBH at the posi-
tion of Sgr A*.
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Figure 2.2: The image of the S-star cluster (Gillessen et al., 2009). In this image, some light
is seen at the position of Sgr A*, which could be either due to Sgr A* itself or
due to a faint, so far unrecognized star being confused with Sgr A*.
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Figure 2.3: Stellar orbits of the stars in the central arcsecond. In this illustrative figure, the
coordinate systemwas chosen such that Sgr A* is at rest (Gillessen et al., 2009).
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Figure 2.4: Mass distribution in the Galactic Center (for a distance of 8 kpc Schödel et
al., 2002). The filled circle denotes the mass derived from the orbit of S2.
Grey filled rectangles aremass estimates fromaparametrized Jeans-equation
model including anisotropy and dierentiating between late and early type
stars. Open circles are mass estimates from a parameterized Jeans-equation
model of the radial velocities of late type stars, assuming isotropy. Open rect-
angles denote mass estimates from a non-parametric, maximum likelihood
model, assuming isotropy and combining late and early type stars.
In early observations, the dynamics of stars around Sgr A* was discussed using
only radial velocities assuming circular stellar obits and an isotropic distributions
of stars (seeGenzel &Townes, 1987, and reference therein). The early results of the
proper motion measurements confirmed that the dependence of velocity disper-
sion of stars in the distance from Sgr A* was consistent with that obtained from
radial velocities (Eckart & Genzel, 1996; Ghez et al., 1998). This results strength-
ened the evidence for the existence of a massive point source.
The accumulation of the propermotionmeasurements enabled tomeasure ac-
celerations of stars, providing some constraints on the location of the dark mass
(Ghez et al., 2000; Eckart et al., 2002). The fully orbital motions of the nearest star
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was obtained in early 2000s, providing the position and mass of Sgr A* (Schödel
et al., 2002; Ghez et al., 2005). As of 2009, 26 stellar orbits (see Figure 2.3) have
been measured (e.g. Eckart & Genzel, 1996, 1997; Eckart et al., 2002; Schödel et
al., 2002; Eisenhauer et al., 2003; Ghez et al., 2000, 2005, 2008; Gillessen et al.,
2009). The measurement of the radial velocity of the young stars also allows the
geometric determination of the distance to the Galactic Center (R0) from stellar
orbits (e.g. Eisenhauer et al., 2003, 2005; Ghez et al., 2003).
We summarize important results of NIR studies as below:
1. The mass density distribution (Figure 2.4) determined by the orbital mo-
tions and velocity dispersion in the nuclear cluster excludes any possibili-
ties that Sgr A* is other than a SMBH.
2. The position of Sgr A* and the position of the central point mass coincide
within∼ 20 AU (i.e.∼ 2mas). This comparisonwere enabled by registration
of the radio and NIR reference frame (see Reid et al., 2007).
3. The measuredmass is∼ 4× 106 M, while the distance is∼ 8.4 kpc.
Another constraint on the mass of Sgr A* is provided from the direct measure-
mentof thepropermotionofSgrA*withVLBIastrometry.Reid&Brunthaler (2004)
measured the position of Sgr A* with VLBAwith respect to two extragalactic radio
sources over a period of 8 yr (see Figure 2.5). The apparent proper motion of Sgr
A* was 6.379± 0.024 mas yr−1 along a position angle of 209◦.60± 0◦.18, almost
entirely in the plane of the Galaxy. The eects of the orbit of the Sun around the
Galactic center accounts for this motion, and the residual proper motion of Sgr
A* perpendicular to the plane of the Galaxy was−0.4± 0.9 km s−1. A maximum
likelihood analysis of themotion expected for amassive objectwithin the nuclear
cluster indicates that Sgr A* containsmore than about∼ 4× 105 M which corre-
sponds to∼ 10 % of the mass deduced from stellar orbits.
Another constraint on the distance to Sgr A* has been provided by themeasure-
ments of the trigonometric parallaxes and proper motions of masers located in
massive star-forming regions with VLBI Exploration of Radio Astrometry (VERA)
and Very Long Baseline Array (VLBA) (Reid et al., 2009, 2014; Honma et al., 2012).
The distance to the Sgr A* is of great importance, since it is the fundamental pa-
rameter of the galactic structure. The distance to the galactic structure can be
estimated using three dimensional positions and kinematics of the massive star-
forming regions based on measurements of parallaxes and proper motions com-
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Figure 2.5: Position residuals of Sgr A* relative to J1745-283 on the plane of the sky (Reid
& Brunthaler, 2004). The dashed line is the variance-weighted best-fit proper
motion, and the solid line gives the orientation of the Galactic plane, which is
tilted by 31.40◦ in east of north in J2000 coordinates.
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Table 2.1: The recent revisions of the central black hole’s mass and distances
Method Mass Distance Reference
(106 M) (kpc)
NIR 4.5± 0.4 8.4± 0.3 Ghez et al. (2008)
NIR 4.31± 0.06 |stat ±0.36 |R0 8.33± 0.35 Gillessen et al. (2009)
VLBI — 8.35± 0.44 Honma et al. (2012)
VLBI — 8.34± 0.16 Reid et al. (2014)
bined with the model of the rotation curve of the our galaxy. The measured dis-
tance is∼ 8.4 kpc, being consistent with NIR observations.
Finally, we summarize the recent revisions of the central black hole’s mass and
distances in Table 2.1.
2.1.4 Spectrum of Sgr A*
As of 2014, emission from Sgr A* has been detected at radio, NIR and X-ray bands.
In addition, the galactic center is also well-known to be a luminous γ-ray source
at MeV, GeV and TeV energies, but it is not clear that Sgr A* is the dominant source
of the detected γ-ray emission.
Figures 2.6 show SEDs of Sgr A* from radio to X-ray at both the quiescent state
and flaring state. One can clearly see a similarity of its SED to LLAGNs (see Figure
1.3), although its luminosity is ∼ 3-4 orders of magnitude smaller than LLAGNs.
The fact that there is no big blue bump in SED indicates the accretion disk is a ra-
diatively ineicient accretion flow (§1.1.2.3 and §2.1.7.1) rather than the standard
disk (see §1.1.2.3). Moreover, the existence of the sub-mm bump in radio regime
and the strong radio-loudness even at flaring states indicate Sgr A* has common
nuclear properties to LLAGNs (§1.1.2.3). Here, we introduce properties of the spec-
tra at each band separately.
2.1.4.1 Radio
Historically, Sgr A* was discovered at radio band (Balick & Brown, 1974). The prop-
erties of radio emission have been studied for four decades since its discovery.
Figure 2.7 shows the radio spectrum of Sgr A* from 1 GHz to 670 GHz. One can
clearly see existence of two breaks in the radio spectrum (Melia et al., 2001).
The first break is locatedaround∼ 10GHz.Below thisbreak frequency, the spec-
trum index α (i.e.Sν ∝ να) is∼0.3 (Zhaoet al., 2001),while the spectrumbecomes
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(a)
(b)
Figure 2.6: The SEDs of Sgr A* (edited figures in Dodds-Eden et al., 2009): filled triangles
are radio to submillimeter measurements of the quiescent state (Marko et
al., 2001; Zhao et al., 2003). Note that thesemeasurements are time-averaged
measurements and the error bars include variable emission of up to 50 %. As
open black circles with arrows are shown 30 µm, 24.5 µm, and 8.6 µm upper
limits taken from Melia et al. (2001), the upper limit at 8.6 µm from (Schödel
et al., 2007) and the limit on the quiescent state at 2 µm from (Hornstein et
al., 2002). (a) : The SED of the quiescent state. IR values from (Genzel et al.,
2003) are shown as the open black circles with error bars. The X-ray values are
shown as the black bow-tie (Bagano et al., 2003). (b) : The example of SEDs at
the flaring state. IR and X-ray values are taken from Dodds-Eden et al. (2009).
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Figure 2.7: The radio spectrum of Sgr A* (Lu et al., 2011). Filled circles denote a
quasi-simultaneous spectrum obtained around April 1, 2007 during a multi-
wavelength campaign (Yusef-Zadeh et al., 2009). The error bars on the data
points indicate the variability of Sgr A*. The solid black line indicates a power
law fitted to the radio data up to 43 GHz (α ∼ 0.3). Above 43 GHz, a flux density
excess over this line is apparent. Open symbols connected by dashed lines in-
dicate the new and quasi-simultaneous flux density measurements of May 18
and 21, 2007, fromwhich high frequency spectral indices were derived, respec-
tively (Lu et al., 2011). Note a spectral turnover is between 100-230 GHz.
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Figure 2.8: (a) Spectral index α as a function of flux density at 43 GHz. (Herrnstein et al.,
2004) (b) Spectral index α as a function of flux density at 86 GHz. Filled black
circles are data from Lu et al. (2011). Two additional data points at lower flux
density levels observed in earlier experiments are added: Falcke et al., 1998,
open circle and Serabyn et al., 1997, open square.
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steeper above this break frequency. The excess of flux densities at above∼ 10GHz
is called as "sub-mmexcess". The exact frequency of the first break is unclear (Fal-
cke et al., 1998; Zhao et al., 2003). The VLBI fluxesmeasured in Lu et al. (2011) (blue
and red line in Figure 2.7) clearly show that the sub-mmexcess is attributed to the
milliarcsecond-scale structure of Sgr A*. This fact excludes any possibilities of ex-
trinsic causes suchasdiuse free-free emission, a transient source, anddust emis-
sion surrounding Sgr A*. At the sub-mm excess region, the variation of spectral
index was reported in several studies; Herrnstein et al. (2004) and Lu et al. (2011)
reported a correlation between the spectral index and the flux atmm-wavelength
(see Figures 2.8).
The second break is the sub-mm bump, which we have already introduced at
the beginning of this subsection. Although the sub-mm bump is one of the most
prominent feature of Sgr A*’s SED, the sub-mm bump is still poorly understood.
Similarly to the first break frequency, the peak frequency of the bump has been
unclear (e.g. Falcke et al., 1998; Zhao et al., 2003). (Marrone, 2006) concluded that
the average spectrumpeak existed between 230GHz and 690GHz from the obser-
vations with SMA. Yusef-Zadeh et al. (2006a) found that the quiescent spectrum
had a peak at 350 GHz using the data of multi-frequency campaign, while Yusef-
Zadeh et al. (2009) found a peak at 230 GHz (see Figure 2.7). The future ALMA ob-
servations are expected to reveal the detail spectral shape of the sub-mm bump.
There are two common understandings for radio emission from Sgr A*; (1) the
radio emission in radio regime is synchrotron emission, although the energetics
of emitting electrons is poorly understood; (2) the sub-mm bump is produced by
synchrotron self-absorption (SSA), reflecting the transitionbetweenoptically thin
emission at higher frequencies and optically thick emission at lower frequencies.
However, the plasma emitting radio emission is depending on theoreticalmodels
(see §2.1.7). The radio emission and structure are of great importance to under-
stand a plasma physics around the SMBH in Sgr A*.
2.1.4.2 NIR and X-ray
In optical regime, it is diicult to detect emission fromSgr A* owning to the strong
dust absorption in the galactic center region. However, interstellar medium be-
comes transparent for IR and high energy photons. The first detections of NIR and
X-rayemissionwereachievedwithadiscoveryofdramaticNIR (Genzel et al., 2003)
and X-ray (Bagano et al., 2001) flares. In both NIR and X-ray bands, Sgr A* has
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Figure 2.9: Deep X-ray images of Sgr A* in quiescence observed with Chandra (Wang et
al., 2013). (a) An image at the 1- to 9-keV band. The dashed circle around Sgr
A* indicates its Bondi capture radius (assumed to be 4). (b) Amagnified image
of Sgr A*. The emission is decomposed into extended (color image) and point-
like (contour) components. The latter component ismodeledwith thenet flare
emission. The straight dashed linemarks the orientation of the Galactic plane,
whereas the dashed ellipse of a 1.5 semi-major axis illustrates the elongation
of the primary massive stellar disk, which has an inclination of∼ 127◦, a line-
of-nodes position angle of∼ 100◦, and a radial density distribution∝ r−2 with
a sharp inner cuto at r ∼ 1”.
strong flaring activities (see §2.1.6.2). Here, we introduce the quiescent state (for
flaring activities, see §2.1.6.2).
Sgr A* in quiescent state was never unambiguously been detected in the NIR in
early 2000s (e.g. Hornstein et al., 2002; Schödel et al., 2007) aer a discovery of a
NIR flare (Genzel et al., 2003). At the present, the quiescent NIR flux can be regu-
larly detected with high sensitivity observations using an adaptive optics system
(e.g. NIRC2 in theKeck 10-mTelescopeandNaCo in the Very LargeTelescope). The
de-reddenedmean flux densities at NIR band are 3.8± 1.3 mJy at 4.8 µmand 5.0
± 0.6 mJy at 3.8 µm (Schödel et al., 2011). No counterpart of Sgr A* has been de-
tected at 8.6 µm or longer wavelength in MIR regime on the high-frequency side
of the sub-mmbump. The available data indicates that Sgr A* cannot be detected
with currently available instruments at MIR band even during flares (Schödel et
al., 2011).
On the other hand, Chandra X-ray observations revealed a steadily emitting
source at X-ray wavelengths (Bagano et al., 2003), with a spatial extent of ∼ 1”.
However, because of the spatial extent, this steady source must be produced in
the outer regions of the accretion flow. In other word, it cannot be directly related
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to the compact source, which must be produced at small radius from the central
blackhole. ThequiescentX-ray sourcemost likelyoriginates fromBremsstrahlung
emission. The outer regions of the accretion flow close to the Bondi radius are ex-
pected to contribute the most emission. The properties of this steady X-ray emit-
tingplasmaset theouterboundaryconditionsofSgrA*’saccretion flow (see§2.1.7.1).
Recently,Wangetal. (2013)providesanexcellentX-ray imageof thesteadystruc-
ture with unprecedented deep observations with Chandra at an exposure time of
a 3 Ms (Chandra X-ray Visionary Project1; Figure 2.9). The X-ray emission is elon-
gated and aligns well with a surrounding disk of massive stars, excluding a con-
centration of low-mass coronally active stars as the origin of the emission on the
basis of the lack of Fe Kα emission. The extremely weak hydrogen (H)–like Fe Kα
line feature suggests that a large fraction of the accreting gas should be lost from
theaccretion flowprobablyviaa strongoutflow.Suchastrongoutflow isexpected
to occur in some subclasses of RIAF (e.g. ADIOS; see §2.1.7.1 andBlandford &Begel-
man 1999). Indeed, the hydrogen (H)–like Fe Kα line exclude semi-analytic RIAF
solutions with no outflow solution (e.g. ADAF; see §2.1.7.1; Manmoto et al. 1997;
Narayan et al. 1998).
2.1.4.3 γ-ray
The galactic center is also known as a γ-ray source. However, owing to the poor
spatial resolution of γ-ray telescopes, it has been unclear whether Sgr A* is the
origin of γ-ray emission. Thus, γ-ray emission from the galactic center sets up-
per limit on the γ-ray emission from Sgr A*. INTEGRAL observations (20-600 keV)
detected a faint and persistent emission from the region which coincides the Sgr
A* within 1’ (Goldwurm, 2007). In MeV regime,≥ 100MeV emissionwere reported
fromEGRET. FermiGamma-ray SpaceTelescopehas also detectedMeVandGeVγ-
ray from the Galactic center (1FGL J1745.6-2900; see Chernyakova et al., 2011, and
references in). In the very-high-energy regime over 100 GeV, the emission is also
detectedby several ground-Cherenkov-telescopes (HESS J1745-29; seeAharonian
et al., 2006a,b, and references therein). Recent VHE observations excluded Sgr A
Eastwithhighprobabilityas thedominant sourceof theVHEemission (Abramowski
et al., 2010) .
In addition to the lack of spatial resolution, the lack of variability also makes
the association of γ-ray emission with Sgr A* not definitive. If the γ-ray radiation
1 http://www.sgra-star.com/
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is produced in the vicinity of the central black hole, intensity variation would be
expected as at other wavelengths. However, no variability on any available time-
scales was found so far in γ-ray regime (e.g. Aharonian et al., 2008, 2009). If γ-ray
emission is associated with Sgr A*, emission mechanism or emission region are
not likely to be same to variable X-ray and NIR emissions from Sgr A*.
2.1.5 VLBI Structure
Sgr A* has the largest angular size of Rs among known black hole candidates
as shown in Table 1.3. The angular size of Rs is ∼ 10 µas, meaning that current
cm/mmVLBI can approach to the structure on scales of. 100 Rs. However, imag-
ingof thedetailed structurehasbeenprevented from theeects of the interstellar
scattering.
2.1.5.1 Angular-broadened Structure
Figures 2.10 show multi-frequency VLBI images of Sgr A*. Sgr A* has two specific
features of its structure on milliarcsecond scales (e.g. Lo et al., 1998; Bower et al.,
2004; Shen et al., 2005; Bower et al., 2006; Falcke et al., 2009; Lu et al., 2011).
1. The observed size follow a λ2-dependence at wavelength longer than ∼1
cm, where λ is wavelength.
2. The apparent structure can be described by an elliptical Gaussian distribu-
tion.
These features arenot thought tobe intrinsic, buthighly aectedbyan interstellar
scattering.Here,we summarize theeectof the interstellar scatteringon the inter-
ferometric data alongwith a nice overview in §2.1 of Fish et al. (2014). Detailed ob-
servational and theoretical properties are extensively described in Rickett (1990).
Essential and very readable explanations are presented in Narayan (1992) and a
subsection “PhaseFluctuations” in §13.1, §13.4 and§13.6of Thompsonet al. (2001).
Ingeneral, thedensity fluctuationsof the interstellarplasmascatter radiowaves,
causing temporal and angular broadening of sources aswell as scintillation in fre-
quency and time . These variations induce stochastic phase fluctuations. The fluc-
tuations along an initially plane wavefront can be characterized by a so-called
structure function of the phase, defined as
Dφ(r) =
〈[
φ (r)− φ (r− r′)]2〉 , (2.1)
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Figure 2.10: VLBA images of Sgr A* at wavelength 6.0, 3.6, 2.0, 1.35 and 0.7 cm. (Lo et al.,
1998)
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where r, r′ are transverse coordinates at the scattering screen,φ(r) is the phase at
point r, and the angle brackets indicate an ensemble average. The structure func-
tion is well modeled with a power low distribution of Dφ(r) ∝ λ2 |r| a for ionized
astrophysical turbulent plasma (e.g. Armstrong et al., 1995). Strongly scattered
sources oen have a power-law index a close to 2, which is similar to the value
of 5/3 for Kolmogorov turbulence, over scales from rin ∼ 107 cm = 103 km to
rout ∼ 1016 cm ∼ 103 AU (Rickett, 1990). This could arise from scattering by a
medium consisting of discrete scatterers with abrupt boundaries; This also could
arise from scattering at wavelength such that the phase coherence length r0 on
the scattering screen is shorter than the inner length scale rin of the fluctuations,
where r0 ∝ λ−2/a is defined such that Dφ(r) = 1 for |r| = r0 (Tatarskii, 1971;
Narayan, 1988; Lambert & Rickett, 1999). r0 is also called as the diractive scale
size, representing the maximum extent on the screen from which radiation can
reach the observer.
The dominant eects of scattering depend on the size of source as well as the
timeand frequency resolutionwithwhich the source is observed (e.g. Goodman&
Narayan, 1989; Narayan & Goodman, 1989; Narayan, 1992). For the case of strong
scattering, three distinct data averaging regimes are important for constructing
images from interferometricdataobtainedona timescale tobs. These three regimes
are characterized with two timescales associated with strong scattering in the in-
terstellar medium; the one is the diractive time scale tdif = r0/vs, where vs
is a velocity of the scattering medium; another one is the refractive time scale
tref = Dθs/vs = Dλ/r0vs, where D is a distance to the scattering medium and
the angular size θs of the scattering disk given by λ/r0.
SNAPSHOT-IMAGE REGIME ( tobs < tdif )
Observations of a very compact source with very high time and frequency resolu-
tionwill detect stochastic variations in both time and frequency due to diractive
scintillation.
AVERAGE-IMAGE REGIME ( tdif < tobs < tref )
The interferometer eectively averages overmultiple snapshot images, suppress-
ing fast diractive scintillation. However, visibilities will fluctuate on significantly
broader scales in frequency and time due to refractive scintillation.
ENSEMBLE-AVERAGE REGIME ( tobs > tref )
The interferometer averages over many realizations of the scattering screen. The
response of the interferometer to a point source is
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V (u) = exp
[
− 1
2
Dφ
(
λu
1 + M
)]
(2.2)
whereV(u) is a visibility at a spatial frequency ofu = (u, v) andλ is the observa-
tion wavelength.M is the magnification factor of the scattering medium defined
byM = R/R′,whereRandR′ are theobserver-scattererdistanceand the source-
scatterer distance, respectively. The exponent of the scattering kernel (Eq. 2.2) is
proportional to λ2+a |u|a , since Dφ(r) ∝ λ2 |r| a. For a = 2, the exponent is pro-
portional to
(
λ2
)2 |u|2, resulting that the scattering kernel becomes a Gaussian
of which size is proportional to λ2.
Interstellar scattering is significant throughout the galactic center region (e.g.
van Langevelde et al., 1992). Thewavelength-dependence of the scattering kernel
ismeasured to be∝ λ∼2 fromangular broadeningmeasurements, indicating a ∼
2. This implies that ensemble-average scatter broadening is well approximated
by aGaussian, indeed as observed inmany compactmasers and radio-loud AGNs.
The observed structure and wavelength-dependence of the scattering kernel are
accurately Gaussian and ∝ λ2, respectively, for Sgr A* (Bower et al., 2004, 2006).
The scattering disk is anisotropic, in many regions including Sgr A*, suggested by
anisotropic size of the scattering kernel (Goldreich & Sridhar, 1995).
The eective size of the intrinsic structure φint (hereaer the intrinsic size) of
Sgr A* can be estimated by
φint =
√
φ2obs − φ2scatt, (2.3)
where φint is intrinsic size, φobs is observed size and φscatt is the scatter size, on an
assumption that intrinsic structure follows elliptical Gaussian distribution. Thus,
the intrinsic size is possible to be estimated, if one measures scattering law at
wavelengths longer than∼ 17 cmwhere the intrinsic size is negligibly-small com-
paredwith scatteringsize. Figure2.11 showsλ-dependencyofSgrA* size. As shown
in Figure 2.11, measurements of the apparent size of Sgr A* showed that the size is
proportional to a square of wavelength at a wavelength longer than∼ 1.3 cm. In
otherword, the scattering size dominates the intrinsic size at awavelength longer
than ∼ 1.3 cm. However, at a wavelength shorter than ∼ 1.3 cm, one can clearly
see deviations from the λ2-dependence (see, Bower et al., 2004; Shen et al., 2005,
and supplements of them). This is commonly interpreted as an eect of intrinsic
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Figure 2.11: Apparent angular size of Sgr A* along the major axis as a function of wave-
length (Doeleman et al., 2008). Red circles showmajor-axis observed sizes of
Sgr A* from VLBI observations (all errors 3 sigma). Data from wavelengths of
6 cm to 7 mm are from Bower et al. (2004), data at 3.5 mm are from Shen et
al. (2005), and data at 1.3 mm are from the observations reported here. The
solid line is the best-fit scattering law fromBower et al. (2006). Below this line,
measurements of the intrinsic size of Sgr A* are dominated by scattering ef-
fects, whilemeasurements that fall above the line indicate intrinsic structures
that are larger than the scattering size (a ’source dominated’ regime). Green
points show derived major-axis intrinsic sizes from 2 cm ≥ λ ≥ 1.3 mm, and
are fitted with λα power law (α = 1.44± 0.07) shown as a dotted line.
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structure becoming dominant. Moreover, one can also see the λ-dependency of
the intrinsic size. This suggests that the intrinsic size of Sgr A* at radio band is de-
terminedby thephotosphereofoptically thickplasma (e.g. Loeb&Waxman, 2007;
Falcke et al., 2009). Taking the existence of the sub-mmbump into consideration,
the transition between optically thin and optically thick regime is expected to oc-
cur in the sub-mm band.
2.1.5.2 Intrinsic Structure
Thepresenceof strongscatteringhaspushedobservations to towardshorterwave-
lengths,where scatteringeectsdecreaseand intrinsic sourcestructuremaydom-
inate. The robust sizemeasurementat43GHzand86GHzusingclosureamplitude
method (Boweret al., 2004; Shenetal., 2005) foundabreak in theλ2-dependence.
In addition to the discovery of a break, recently, dramatic results of the Event
Horizon Telescope (Global short-millimeter VLBI array; §1.3) have been reported
on detections of the event-horizon-scale structure in recent years. Here we sum-
marize their recent results.
The first milestone of EHT works was achieved by Doeleman et al. (2008). Re-
liable detections of fringes at 230 GHz on a long Hawaii(JCMT) - Arizona (SMTO)
baseline and a short California (CALMA) - Arizona (SMTO) baseline enable tomea-
sure the eective size of Sgr A*. By fitting to observed visibilities with circular
Gaussian distribution (see, Figure 2.12), they obtained full-width-half-maximum
(FWHM) size of 43+14−8 µas, where errors are 3 sigma. Using scattering lowof Bower
et al. (2006), they estimated an intrinsic size of 37+16−10 µas corresponding to ∼ 4
Rs.
The derived intrinsic size indicates that the structure of Sgr A* is not a spheri-
cally symmetric photosphere which centered a black hole. If the radiation of Sgr
A* is originated froma spherical surface, a larger apparent size is observed. If such
a surface of radius R centered on a non-rotating black hole will have an apparent
radius, Rapp, given by
Rapp =
 3
√
3Rs/2 (if R ≤ 1.5Rs)
R/
√
1− Rs/R (if R ≥ 1.5Rs).
(2.4)
When R equals to 1.5 Rs (the ISCO), an apparent diameter has a minimum value
corresponding to 5.2 Rs. In the case of Sgr A*, this corresponds to a minimum
apparent diameter of 52 µas. This size is only marginally consistent with the 3
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Figure 2.12: The UV distance plot of SgrA* at 1.3mm in Doeleman et al. (2008). It shows
the correlated flux density data on the SMTO(Arizona)-CARMA(California) and
SMTO(Arizona) -JCMT(Hawaii) baselines plotted against projected baseline
length (errors are 1 sigma). Squares show SMTO(Arizona)-CARMA(California)
baseline data and triangles show SMTO(Arizona)-JCMT(Hawaii) data, with
open symbols for 10 April and filled symbols for 11 April. The solid line shows
the weighted least-squares best fit to a circular Gaussian brightness distribu-
tion, with FWHM size of 43.0 µas. The dotted line shows a uniform thick-ring
model with an inner diameter of 35 µas and an outer diameter of 80 µas con-
volved with scattering eects due to the interstellar medium. The total flux
density measurement made with the CARMA array over both days of observ-
ing (2.46±0.25 Jy : 1 sigma error) is shown as a filled circle. An upper limit
for flux density of 0.6 Jy, derived from non detections on the JCMT(Hawaii)-
CARMA(California) baseline, is represented with an arrow.
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Figure 2.13: The UV distance plots of SgrA* at 1.3mm in Fish et al. (2011). Solid lines show
best-fit circular Gaussian models of the compact emission in Sgr A* and are
consistent with a source size of approximately 43 µas on all days. The dotted
lines show thebest ringmodel fits toSgrA*data. Eachbaselinedata is colored
as follows: SMTO-CALMA(1) and SMTO-CALMA(2) baselines in blue, CALMA(1)-
CALMA(2) baseline in red, JCMT-CALMA(1) baseline in orange, JCMT-CALMA(2)
baseline in pink, JCMT-SMTO baseline in light-blue.
sigma upper limit for the derived intrinsic size. Thus, this fact suggests that Sgr A*
arises in a region oset from the black hole, in other words, in a compact Doppler-
enhanced portion of an accretion disk or jet. Based on accretion disk model, this
fact suggests the inclination of accretion disk is closer to edge-on rather than face-
on. This argument also holds in the case of amaximally rotating black hole of the
samemass: the minimum apparent size in the equatorial plane would be 45 µas,
which is also larger than the intrinsic size derived here. The intrinsic sizes of Sgr
A* measured with VLBI at 3.5mm and 7mm exceed the minimum apparent size.
Thus, presence of Doppler-boosted emission can not be revealed without Event
Horizon Telescope.
Fish et al. (2011) reported the detection of daily flux variation on scales of sev-
eral tens of µas. Figures 2.13 show the results of 2009 observation in Fish et al.
(2011). The arc-second-scale flux densities of Sgr A* on days 95 and 96 coincided
within uncertainties, but on day 97 the flux density of Sgr A* was ∼17 % higher.
This brightening was accompanied by changes on VLBI scales as well.
The flux density increase appears as an event that establishes a new steady
state in Sgr A*. In general, an increase in source size is expected for models as-
suming that the flux variation is attributed to one-shot heating of plasma such as
a jet knot (e.g. Falcke et al., 2009; Maitra et al., 2009) or partially heated plasma
blob in the accretion disk (e.g. Yusef-Zadeh et al., 2006b, 2008, 2009). However,
as seen in Figures 2.13, Fish et al. (2011) did not find any evidence of an increase in
source size.
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In summary, EHT is still under development, but EHT has already reveal a small
scale structure and its intrinsic variation as follows:
1. First results of EHT (Doeleman et al., 2008) ruled out a spherically symmet-
ric photosphere centered on the central darkmass, and they indicated that
Sgr A* arose in a compact Doppler-enhanced portion of an accretion disk or
jet.
2. Based on RIAF models, a low-inclination disk is ruled out.
3. Fish et al. (2011) found a new steady state in Sgr A* which seems not able to
be explained by the models of the intra-day variability.
Future observations ofmore developed EHT and simultaneousmulti-wavelength
observations with EHT would reveal further new and detail phenomena of intrin-
sic structure of Sgr A*.
2.1.6 Variability
Sgr A* is known to vary at all wavelengths. The variability of Sgr A* was already
reported in the first discovery of Sgr A* (Balick & Brown, 1974).
2.1.6.1 Daily variation
The variability on time scale longer than a day in radio regime has been discussed
mainly based on observations with connected interferometers (see Macquart &
Bower, 2006, and references therein). As an origin of the variation, both intrin-
sic and extrinsic models are proposed, but the mechanism of the time variation
is still under discussion. As a candidate of long-term intrinsic variation, 106-day
quasi-periodic variation was reported at wavelengths shorter than∼ 3 cm (Zhao
et al., 2001) and 57-day quasi-periodic variation was also reported at 2.3 GHz (Fal-
cke et al., 1999). However,Macquart&Bower (2006) carriedout theanalysis of uni-
formly sampled data with proper accounting of the sampling errors, and rejected
existences of these quasi-periodic variations. On the other hand, interstellar scin-
tillation is the primary mechanism that may cause extrinsic variability. However,
it is diicult to judgewhether the interstellar scattering can totally explain the flux
variation, since thedetailed structureof scatteringmedium is still unknown.Previ-
ous studies suggested that if the scatteringmediumof Sgr A* lies on a thin screen,
all the observed flux variability must be intrinsic to the source itself (Macquart &
Bower, 2006). Meanwhile, an extended scattering regionmay explain broad char-
acteristicsof thevariability longer than4days (Macquart&Bower, 2006), although
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the physical structures associated with this extended scattering medium is un-
known.
Recently studies at short cm- and mm-wavelengths reported the existence of
long time-scale flux variations at short-cm/mm wavelengths, where interstellar
eects are negligible. Amassivemonitoring of Sgr A* with VLA and the detections
of high fluxes of Sgr A* at mm wavelengths indicate the existence a possible bi-
modal distribution of flux density, such as low/high-flux density states at these
frequencies (see Figures 2.8 and following references: Herrnstein et al., 2004; Li
et al., 2009; Lu et al., 2011). As written in §2.1.4.1, at high state, the spectrum index
becomes harder. In simplemodels of interstellar scattering, themodulation index
of the flux density decreases with frequency in the strong scattering regime (e.g.
Rickett, 1990). This leads to an anti-correlation between spectral index and mm-
flux. Thus, this correlation would favor some intringic variations in Sgr A* for the
origin of the flux variation rather than interstellar scintillation eects.
2.1.6.2 Intra-day variability
Sgr A* is also known as intra-day variable (IDV) source. The first detection of IDV
was achieved in radio regime (Miyazaki et al., 2004). Aer that, IDV has been re-
portedat various frequencies (e.g. Yusef-Zadehet al., 2006b, 2008, 2009;Miyazaki
et al., 2004; Li et al., 2009). IDV at the radio band has a variability time-scales of a
few or several hours with following properties;
1. Time-delays detected between peaks of flare emission at cm/mm/sub-mm
wavelengths (e.g. Yusef-Zadeh et al., 2006b, 2008, 2009).
2. A flare activity in radio regime is lower (at a level of 4.5 and 7 %) than NIR
and X-ray regime.
Inaddition to these feature, the flare in radio regimemayhavebeenoccurredaer
the NIR/X-ray flare with the duration of ∼ 2-3 hours (Yusef-Zadeh et al., 2006b,
2008, 2009). However, the relation between NIR/X-ray flare and radio flare is still
not clear due to poor time-coverage of multi-wavelength campaigns compared
with possible duration of the flares.
Three types of models have been proposed as of 2014: expanding plasma blob
models, jetmodels, and thermaloutflowmodel. Theexpandingplasmablobmodel
(or expanding plasmonmodel; e.g. van der Laan, 1966; Yusef-Zadeh et al., 2006b,
2008, 2009; Li et al., 2009) explains observed light-curve and time-delays in radio
regimewell. Arisingpart of light-curve in radio regime is interpretedas theopacity
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of emittingblobbecomes thinner at observed frequencydue to theexpansion.On
the other hand, decaying part of light-curve is interpreted as adiabatic cooling as-
sociated with the expansion of the emitting plasma. Time-delays are interpreted
to be owing to the dierence of opacity of emitting blob. The expansion speed of
emitting blob is sub-relativistic (e.g. Yusef-Zadeh et al., 2006b, 2008, 2009; Li et
al., 2009).
The jet model (Falcke et al., 2009; Maitra et al., 2009) also explains observed
light-curve and time-delays in radio regime well. In this model, decaying part of
light curve is interpreted similarly to the expanding plasma blob model, but aris-
ing part of light curve is caused by a passage of emitting blob over photosphere
of Sgr A*. Thus, observed time-delays aremainly determined by the size of photo-
sphere of Sgr A* (i.e. intrinsic size of Sgr A*) and the bulk velocity of the emitting
blob. The bulk velocity becomes relativistic, while expansion velocity is similarly
to the expanding plasma blobmodel.
Another models is an orbiting hot spot model (e.g. Broderick & Loeb, 2006;
Meyer et al., 2006a; Trippe et al., 2007; Eckart et al., 2006, 2008; Li et al., 2009).
Thismodel hasbeen frequently used tomainly explainobservationsof short-term
NIRandX-rayvariability. Thehot spot ismodeledbyanover-densityofnon-thermal
electrons centered in its Keplerian orbit around SMBH. This situationmay arise in
the case of a magnetic reconnection event similar to the solar flare. Due to the
Doppler shi and relativistic beaming, the approaching portion of the hot spot
orbit appears considerably brighter than the receding portion. This model is suc-
cessful in explaining the NIR 17 minute quasi-periodic oscillation (Genzel et al.,
2003). The hot spot model is applied to the radio band by including the eects
of disk opacity for a typical RIAF model (Broderick & Loeb, 2006). Li et al. (2009)
tried to fitting thismodel and the expandingplasmablobmodel to the light-curve
withmulti-flares at 100 GHz, and then found both themodels could reasonably fit
observed flares.
The general properties of the IR and X-ray flares are reviewed in detail in the
introduction of Dodds-Eden et al. (2009). Here, we introduce some of them for
comparison to flares in radio regime. First, NIR flares occur on average∼4 times
perdayorbetween30%and40%of theobserving time.On theotherhand, strong
X-ray flares occur on average∼1 per day. Thus, the flare activity in NIR and X-ray
regime is more active than radio regime. However, an enhanced rate of X-ray flar-
ing can be observed within a time interval of roughly half a day. Second, every
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X-ray flare appears to be associated with an NIR flare, but not every NIR flare is
associatedwith an X-ray flare. When both flares occur, they occur simultaneously,
with no significant delay. Polarimetric investigations of the flares in the NIR have
shown that the source is significantly polarized and that the polarization angle
can swing in the tail end of the flare. It indicates the NIR emission is originated in
synchrotron emission. However, the origin of X-ray emission is uncertain. Inverse
Compton scattering and synchrotron emission are proposed, but dominant emis-
sion is highly depends onmodels and individual flare.
2.1.6.3 Another exploration of IDV with VLBI : Position Wander
Reid et al. (2008) carried out exploration of the variability in the centroid position
of SgrA* in intra-day scalebyphase-referencingobservationswithVLBAat 43GHz.
They found an average centroid wander of 71± 45 µas for timescales between 50
and 100 minutes and 113 ± 50 µas for timescales between 100 and 200 minutes,
with no secular trend. From these observational facts, they constrained the vari-
ability of the accretion hot spot model proposed in Broderick & Loeb (2006). It is
possible to rule out hot spots with orbital radius above 15GM/c2 that contribute
more than30%of the total 43GHz flux.However, closeror less luminoushot spots
remain unconstrained. Since the fractional variability of Sgr A* during our obser-
vations was 20 % on time-scales of hours, the hot spot model for Sgr A*’s radio
variability remains consistent with these limits.
2.1.7 Theoretical Models
2.1.7.1 Radiative Ineicient Accretion Flow
The most representative model for emission of Sgr A* is a radiatively ineicient
accretion flow (RIAF; see Kato et al., 2008; Yuan &Narayan, 2014, for a review). We
summarize representativeRIAFmodels for SgrA* inTable 2.2.Note that themodel
is applicable to LLAGNs (includingM87). Here, we briefly review interpretations of
the accretion process around Sgr A* and also RIAF models.
First of all, we note outer boundary conditions before introducing inner flow of
an accretion disk. The accretion flow starts at the Bondi radius, where the gravi-
tational potential energy of the gas is balanced with its thermal energy. Chandra
observations (Bagano et al., 2003) resolved the Bondi radius and inferred gas
density and temperature as∼ 100 cm−3 and∼ 2 keV on scales of 1”, respectively.
This results correspond to the Bondi radius of ∼ 105 Rs and the Bondi accretion
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rate of 10−5 M yr−1. The gas density, temperature, the Bondi radius and Bondi
accretion rate constitute the outer boundary conditions that any accretion mod-
els must satisfy.
The Bondi accretion rate of 10−5 M yr−1 rules out the standard disk model.
If the gas was accreted at this rate onto the central black hole via the standard
disk, the expected luminosity would be L ∼ 0.1 M˙bondic2 ∼ 1041 erg s−1, five or-
ders of magnitude higher than the observed luminosity. Moreover, the lack of big
bluebump in its SED,which is thought tobeproducedbymulti-temperatureblack
body emission from the standard disk, is also against the standard disk model.
Moreover, its hard spectrum needs hot accretion flow rather than relatively cold
accretion flow predicted by standard disk.
The luminosity of Sgr A* far less than “optically-thick” standard disk implies
that a low mass accretion rate can not supply an enough amount of the matter
to obtain an optical depth of unity. The accretion flow is expected to be optically
thin and radiatively ineicient.
Themost classic type of RIAF is the advection-dominated accretion flow (ADAF).
The ADAF solution for the black hole accretion disk was originally found in Ichi-
maru (1977) and independently re-discovered in Narayan & Yi (1994). "Advection-
dominated" means that the radiative cooling is dominated by the advective cool-
ing.Here,we introduce thephysicalmeaningof "advectivecooling"and"advection-
dominated" from two dierent views: the co-moving frame and the rest frame. In
the co-moving frame, we will see that the matter does not cool at all due to in-
eicient radiative cooling attributed to a low optical depth. This leads that the
matter rather heats up due to viscous heat dissipation. In other words, the radia-
tive time-scale ismuch longer than the accretion time-scale highly aectedby the
advection-term in theequationofmotion. Themostof the viscouslydissipateden-
ergy is not released by radiative cooling but stored in the accretion flow, leading
that the ion heats up to a high temperature near Virial temperature. On the other
hand, in the rest frame, when we keep our eyes on a fixed region at some radius,
we will see that low-entropy material enters this region from an adjacent outer
zone. That inflowmaterial will eventually go out (or fall into) adjacent inner zone,
aer acquiring entropy as a result of viscous heat dissipation. Hence, low-entropy
material comes in and high-entropy material goes out. It is equivalent with net
cooling at some fixed radius, which is called as "advective cooling".
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Figure 2.14: The SEDs of typical RIAF models for Sgr A*. (a) The classic ADAF (Narayan et
al., 1998). (b) ADIOS with non-thermal electrons (Yuan et al., 2003). (c) A 2D
axis symmetric GRMHDmodel (Mościbrodzka et al., 2009). (d) Another 2Daxis
symmetric GRMHDmodel (Kato et al., 2009).
Thus, in an ADAF, the ion temperature becomes high nearly Virial temperature.
On the other hand, the electron temperature is expected to be lower owing to
the radiative cooling andweak coulomb coupling between electrons and ions, al-
though it is still as high as Te ∼ 109 − 1011K (e.g. Manmoto, 2000; Yuan et al.,
2009). The high ion temperature leads to a geometrically thick flow.
The most famous ADAF models for Sgr A* are models in Manmoto et al. (1997)
and Narayan et al. (1998). They apply the ADAF model to Sgr A* and successfully
explained themost important features of Sgr A* suchas its low radiative eiciency
and thesub-mmbump(seeFigure2.14 (a)).However, theADAFmodelshavemainly
two problems; (1) the spectrum in the radio regime at low frequencies can not be
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explained; (2) the mass accretion rate is assumed to be constant with radius. As
a results, the rotation measure predicted in this model is much larger than that
required from the polarization observation (e.g. Bower et al., 2003; Marrone et al.,
2006; Macquart & Bower, 2006).
2D/3Dhydrodynamical simulations revealeddistinct formsof accretion flows in
the radiatively ineicient regimes. A nearly one-dimensional ADAF appears only
when the viscosity parameter α is moderate, 0.01≤ α ≤0.1. If α is very small,
convection occurs and largely modifies the flow structure. Such a flow is called
convection-dominated accretion flow (CDAF; e.g. Narayan et al., 2000; Quataert
& Gruzinov, 2000). However, the spectrum of CDAF can not explain the SED of Sgr
A* (see Kato et al., 2008). On the other hand, if α is large, the strong outflows oc-
cur. Blandford&Begelman (1999) constructed amodel of ADIOS (adiabatic inflow-
outflowsolutions) basedon this idea. For implementing thismass loss eect, they
assumed that themass-accretion rate varies as M˙ ∝ rswith0 ≤ s < 1. ADIOS can
explain not only the SED of Sgr A* similarly to ADAF (e.g. Yuan et al., 2002, 2009),
but also the observed rotation measures (e.g. Yuan et al., 2003).
The rest of problems is the radio spectrumat low frequencies. Yuan et al. (2003)
and Yuan et al. (2006) succeed to reconstruct the low-frequency spectra by in-
volving non-thermal electrons to the ADIOS model (see Figure 2.14 (b)). In this
model, the low frequency radio emission is dominated by non-thermal emission
produced by power-low distributed electrons, although the production mecha-
nism of such electrons has been unclear. The emission in originalmodels is calcu-
lated by the plane-parallel method, but recent studies show that the radio spec-
trum can be well explained by more realistic general relativistic (GR) ray-tracing
calculation (Broderick et al., 2009, 2011).
Recent progress in the computational science enables to carry out a general
relativistic magnetic hydro-dynamic (GRMHD) simulation of RIAF (e.g. Kato et al.,
2009; Mościbrodzka et al., 2009, 2012; Dexter et al., 2009, 2010; Dexter & Frag-
ile, 2011; Shcherbakov et al., 2010). However, as of 2014, the GRMHDmodels have
failed to explain the low-frequency radio spectrumonlywith thermal electrons ex-
cept themodel of Kato et al. (2009) which introduces spatial variation in electron
temperature distribution (see Figure 2.14 (c) and (d)).
Nowadays, it has been a hot topic to check consistency between the emission
structure observed with millimeter VLBI and theoretically predicted ones. Yuan
et al. (2006) and Yuan et al. (2009) calculated the intensity profile with the plane-
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(a) (b)
Figure 2.15: 1.3-mm emission structure predicted by semi-analytic and GRMHD RIAFmod-
els. (a) The latest best-fit semi-analytic RIAF model in Broderick et al. (2011).
(b) One of the best-fit 3D GRMHDmodels in Dexter et al. (2010).
Table 2.3: Overview of Jet models for Sgr A*
Model Method With Data sets Radiation GR eect
RIAF to fit Transfer in flow
Falcke & Marko (2000)
Semi-analytic
No Radio & X-ray Plane-parallel No
Marko et al. (2007) No Radio & IR Plane-parallel No
Yuan et al. (2002) w/ ADAF Radio & X-ray Plane-parallel PW potential for ADAF
Mościbrodzka & Falcke (2013) GRMHD w/ RIAF Radio, IR & GR Ray-Tracing Yes
Mościbrodzka et al. (2014) X-ray (at flare)
parallel technique, and found that it could not be well represented by a Gaussian
distribution because most of emission is generated in the inner most region of
the accretion disk,∼ a few Rs. However, they found that by including the eect of
interstellar scattering, predicted size is consistent with VLBI observations at short
cm- and longmm-wavelengths. For the structure detectedwith EHTobservations
at 1.3 mm (Doeleman et al., 2008; Fish et al., 2011), both semi-analytic solutions
of RIAF (Broderick et al., 2009, 2011) and GRMHD simulations (Mościbrodzka et
al., 2009, 2012; Dexter et al., 2009, 2010; Dexter & Fragile, 2011; Shcherbakov et al.,
2010) ruled out a low-inclinationdisk, being consistentwith implications from the
observedsizeof emission (Doelemanetal., 2008) (seeFigure2.15 for thepredicted
1.3 mm emission structure).
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2.1.7.2 Jet
The other representative model is a jet model originally proposed in (Falcke &
Marko,2000)basedonmodels for LLAGNs (Falcke, 1996).Wesummarizeanoverview
and spectra of representative jet models for Sgr A* in Table 2.3.
In the classic semi-analyticmodels, themodels assume that the jet is thermally
driven by a pressure gradient (Falcke &Marko, 2000; Yuan et al., 2002;Marko et
al., 2007). The radiation in these models are basically calculated with the plane-
parallel method for the plasma in the jet only (Falcke & Marko, 2000; Marko et
al., 2007) and the jet and ADAF (Yuan et al., 2002). Very recently, Mościbrodzka
& Falcke (2013) and Mościbrodzka et al. (2014) developed more realistic coupled
disk-jet models based on the GRMHD simulation for Sgr A* (Figure 2.16).
The spectra of themodels are shown in 2.17. In radio regime, the flat radio spec-
trum at low frequency is a consequence of superposition of self-absorbed syn-
chrotron emission (see Figure 2.17 (a)). In the classic semi-analytic jet-dominated
models (Falcke &Marko, 2000; Marko et al., 2007), the sub-mmbump ismainly
from the compact "nozzle" component, which is the acceleration zone of the jet
wheremost energetic electrons exist. In the case of coupled jet-diskmodels (Yuan
et al., 2002; Mościbrodzka et al., 2014), emission from jet dominates at low fre-
quency, but emission from RIAF becomes comparable or dominant in sub-mm
excess regime. In particular, Mościbrodzka et al. (2014) pointed out that the short-
millimeter emission is favored to be dominated by the emission from RIAF to re-
produce 1.3mmvisibilitiesandbroad-bandSEDconsistentwithobservations.Marko
et al. (2007) pointed out that the radio spectrum can be well explained by elec-
tronswith both of thermal relativisticMaxwellian andnon-thermal power-lawdis-
tributions.
In the semi-analytic models, X-ray emission is synchrotron self-Compton (SSC)
emission, while IR emission is mainly synchrotron emission determined by the
highest-energetic electrons in the jet nozzle. In the case of the GRMHD models,
emission in X-ray and IR regime is dominated by emission from RIAF. Note that
Falcke & Marko (2000) and Yuan et al. (2002) used steady X-ray emission for fit-
ting free parameters. As described in §2.1.4.2, this steady emission is diuse and
produced in the outer regions of the accretion flow and cannot be directly related
to the compact source, whichmust be produced at small radius. Thus, their treat-
ments of X-ray data would not be appropriate. The recent models (Marko et al.,
2007;Mościbrodzka et al., 2014) usedonly radio and IRdata for preceding reasons.
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λ=1.3mm
Figure 2.16: The radio images of the latest GRMHD jet model for Sgr A* (Mościbrodzka et
al., 2014). The optically-thick thermal synchrotron emission from the jet dom-
inates emission near the central SMBH at lower frequencies, but emission be-
comes optically thin and is dominated by the thermal synchrotron emission
from the accretion disk at 1.3 mm.
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Figure 2.17: The spectra or SEDs of representative jet models for Sgr A*. (a) The spec-
trum of the latest semi-analytic model (Marko et al., 2007). The solid curve
shows a representative quiescent model with synchrotron and synchrotron
self-Compton peaks. The dotted lines illustrate the contribution of the quasi-
thermal particles from each increment along the jet, which superimpose to
give the characteristic flat/inverted synchrotron spectrum. (b) The spectrum
of the jet-ADAF model (Yuan et al., 2002). The dotted line is for the ADAF con-
tribution, the dashed line is for the jet emission, and the solid line shows their
sum. (c) The SED of the latest GRMHD jet-disk model (Mościbrodzka et al.,
2014).
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2.2 SCOPE OF STUDIES IN THIS CHAPTER
In this section, we reviewed on observational and theoretical studies of Sgr A*.
There is plenty of evidence that the center of our galaxy hosts a massive black
holewith amass of approximately 4× 106 M at a distance of about 8 kpc (§2.1.3).
The compact radio source Sagittarius A* (Sgr A*), located in the galactic center is
believed to be associated with this black hole. The measurements of the proper
motionof Sgr A* showed that Sgr A*must contain>4× 105 M (Reid&Brunthaler,
2004)andprovidedsupport for theexistenceofamassiveblackhole in thevicinity
of Sgr A* (§2.1.3).
High spatial resolution of VLBI enables monitoring of the flux and structure in
the vicinity of a black hole. Hence, a monitoring observation with VLBI is of great
importance to investigate a mechanism of time-variation of Sgr A* in the inner-
most region of the accretion disk and/or the jet base. However, there have been
noVLBI studies aiming tomonitor the time variation of both the flux and structure
of Sgr A* in time scales longer than a month. Previous VLBI studies on the size
of Sgr A* found that the intrinsic structure can be estimated from VLBI observa-
tions at a frequency higher than∼ 22 GHz. Moreover, simultaneous observations
of Very Long Baseline Array (VLBA) and Very Large Array (VLA) indicated that the
total flux of Sgr A* obtained by a connected array tend to be over-estimated by
sampling the diuse emission from the vicinity of the Sgr A* (Yusef-Zadeh et al.,
2009). Thus, VLBI observations are most suitable for a detailed study of the long-
term variation of the Sgr A*. Hence, in order to investigate the relation between
the flux and intrinsic size of Sgr A*, we have carried out the observations of Sgr
A* from 2004 to 2008with VLBI Exploration of Radio Astrometry (VERA) at 43 GHz,
and here we report the results. Throughout this chapter, the mass of Sgr A* M is
assumed to be 4× 106 M, and the distance to Sgr A*D is assumed to be 8 kpc.
2.3 OBSERVATIONS AND REDUCTIONS
2.3.1 Observations
VERA observations of Sgr A* at 43 GHzwere regularly performed between Novem-
ber, 2004 and April, 2009. The observations were done in the dual-beam mode
observing Sgr A* and J1745-2820 simultaneously for aiming at astrometry of Sgr
A*. NRAO 530 is also observed in several scans for checking the consistency of the
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amplitude calibration. In this thesis, we focus only on the data of Sgr A*. Results
of the astrometry of Sgr A* will be discussed elsewhere.
In some epochs, one ormore stations were partly or fullymissed due to system
trouble or/and bad weather. Since the VERA array consists of only four stations,
a lack of stations causes severe degrading of synthesized images, and would in-
troduce a large error in quantities derived from images or model-fitting toward
visibilities. Hence, in this thesis, we use the data of 10 epochs for which full sta-
tions are available under relatively good conditions. The epochs presented here
are: day of year (DOY) 294 in 2005, 079, 109 and 308 in 2006, 073, 093 and 264 of
2007, 076, 085 and 310 of 2008 (October 21 of 2005, March 20, April 19 andNovem-
ber 4 of 2006, March 14, April 3 and September 21 of 2007, March 16, March 25,
November 8 of 2008). The system noise temperatures at the zenith were typically
400-600 K through all the epochs.
Le-hand circular polarization (LHCP) signals were received and sampled with
2-bit quantization, and filteredusing theVERAdigital filter unit (Iguchi et al., 2005).
The data were recorded at a rate of 1024Mbps, providing a bandwidth of 256MHz.
One of two IF-channels of 128 MHz bandwidth was assigned to Sgr A* (and also
NRAO 530). Correlation processes were performed with the Mitaka FX correlation
(Chikada et al., 1991).
2.3.2 Data Reductions
Data reductions were carried out with the NRAO Astronomical Imaging Process-
ing System (AIPS) first, using the standard algorithms including phase and delay
calibrations and fringe-fitting. A standard a priori amplitude calibration was per-
formed using the AIPS task APCAL based on themeasurements of system temper-
ature (Tsys∗), which were obtained based on the chopper-wheel method during
observations. Delays and rates were determined with fringe-fitting directly to the
Sgr A* visibilities using the AIPS task FRING. We set a solution interval of∼ 1 min
andminimum S/N ratio of = 3. To avoid false detections, we set a practical search
window of 20 nsec× 50mHz. In this search window, the false detection probabil-
ity is∼ 5%. SinceSgr A* has still scatteredbroad structure at 43GHzand its FWHM
size is∼0.7masat 43GHz, fringeswerenotdetected formost visibilities observed
in baselines longer than 200 Mλ. Figure 2.18 shows a typical uv-coverage of Sgr
A*. In fact, all the detected fringes are located within 200 Mλ. Visibilities related
to the closure of Mizusawa, Iriki and Ogasawara stations are mostly valid, while
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Figure 2.18: The distribution of visibilities on the uv−plane of epoch (j). Thin lines indi-
cate all visibilities sampled during observation, while bold lines indicate UV
for which fringes are detected. All detections are concentrated in baselines
shorter than 200 Mλ.
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Figure 2.19: The visibility amplitude and phase of epoch (j) as a function of projected uv-
distance for Sgr A*. All visibilities are plotted along a PA of 77.1 degrees East
of North, corresponding to the major axis of the Gaussian model of epoch (j).
The solid lines indicate the model obtained by elliptical Gaussian fitting. Pa-
rameters of the Gaussian model are shown in Table 2.6.
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Figure 2.20: The closure phase of epoch (j) as a function of Universal Time.
more than 70% of visibilities sampledwith Ishigaki-jima station are invalid, since
Ishigaki-jima stationmainly provides baselines exceeding 200Mλ. As an example
of the visibilities aer applying all calibrations, we show the uv-distance plot of
the data obtained in November 8 of 2008 (in later sections, named as epoch (j))
in Figure 2.19. The horizontal axis of Figure 2.19 is the uv-distance projected along
the major axis of the elliptical Gaussian models of visibilities (see, Section 3.2).
The top panel of Figure 2.19 shows that the visibility amplitude decreaseswith uv-
distance down to∼ 200mJy at 200Mλ. Moreover, from the distribution of the vis-
ibility phases (the bottom panel), one can see that the scatter of phases becomes
larger for longer baselines, which is due to lower S/N ratio for longer baselines.
Theminimumdetected flux in Figure 2.19,∼ 200mJy, is comparable to the fringe
detection limit of VERA under typical conditions. In fact, theminimumdetectable
flux is∼ 200 mJy for S/N = 3 and Tsys∗ = 500 K). This fact is consistent with the
non-detection of fringe-fitting solutions for baselines longer than 200 Mλ.
Aer the fringe fitting, calibrated datawere output to DIFMAP.We averaged visi-
bilities to∼ 60 s inDIFMAP.We checked the closure phaseof Sgr A* and confirmed
that the closure phase of Sgr A* is obtained throughout almost all the time in each
epoch, and that their S/N ratios are high enough to apply self-calibration to the
visibility phases. As an example, we show the closure phases of epoch (j) in Fig-
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ure 2.20. As seen in Figure 2.20, closure phases of the combination of Mizusawa,
Iriki and Ogaswara stations are mostly determined, while more than 60 % of the
closure phases of the combination of Mizusawa, Ogasawara and Ishigaki stations
aremissed because the sources aremostly resolved out with long baselines. Two
other closures including Ishigaki-jima station were totally invalid. Finally, we car-
ried out imaging of Sgr A* by iterating the self-calibration of visibility phase and
CLEAN using DIFMAP.
2.3.3 Model Fitting
Aer imaging,wealsoconductedGaussian fitting to thecalibratedvisibilities, since
most previous VLBI studies of Sgr A* also adopted this technique. We output vis-
ibilities to text files using AIPS task PRTUV, and fitted Gaussian models to visibil-
ities directly by using the least-square method. We confirmed that the results of
Gaussian fitting,which is obtainedwithourowncodeof least-square fit, coincides
with the results obtained with the Gaussian fitting program in DIFMAP.
Forestimating the fittingerrorsofGaussianparameters,weused thenon-parametric
Percentile Bootstrap method (Wall & Jenkins, 2003). This method is straightfor-
ward in deriving estimates of confidence intervals of fitted parameters. We briefly
summarizeaprocessof estimating confidence intervals: at first,wecreatedadata-
set which has the same number of data by re-sampling the observed visibilities
allowing repetition of the data. Re-sampling was simply done using a uniform
random-number generator. Then, we fitted the Gaussian model to the new data-
set and obtained a bootstrap estimate. We repeated this process 30,000 times
and obtained 30,000 sets of the bootstrap estimates. The Percentile bootstrap
confidence limits of each parameter are obtained as the edges of themiddle 99.7
% fractions of the Bootstrap estimates. We confirmed that the averages of boot-
strap parameters coincides to the results of the least-square method within 1 %.
Finally, the errors of each parameter are obtained as one-third of displacements
between the averages of bootstrap parameters and the confidence limits, so that
theobtainederror corresponds to 1-σ uncertainty. Theobtainederrors are slightly
greater than the standard errors estimated from the co-variance matrix of the
least-square method. This means that the bootstrap method provides more con-
servative error estimates than the standard errors of the least-square method.
The systematic errors of the total flux are estimated as below. In our observa-
tions, it is diicult toestimates systematic errorsusingcalibrators, sinceourobser-
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Figure 2.21: The time variations of the core-flux of NRAO 530. The squares indicate our
results, while the circles indicate VLBA results.
vations were carried out over an interval longer than one month and calibrators
are also variable in such time scales.
Instead, we estimated 10 % of the total flux as a systematic error, and added
them in quadrature to the fitting error. This is a reasonable estimate, since the
amplitude calibration was done by a-priori calibration using the system tempera-
ture Tsys∗measured by the chopper-wheel method.
For checking the fairness of amplitude calibration, we also analyzed NRAO 530
which was observed simultaneously as an amplitude calibrator. We confirmed
that the r.m.s. of gain solutions obtained from the amplitude self-calibration of
NRAO 530 were around or less than 10 % for most epochs. Figure 2.21 shows the
core-flux variations of NRAO 530. These core-fluxes were obtained by the ellipti-
cal Gaussian-fitting to the visibilities and their errors were estimated in the same
way as Sgr A*. In addition to VERAdata, Figure 2.21 shows the core-fluxes obtained
from data of the Boston University blazar monitoring program with the VLBA2.
These data were obtained by model-fitting to calibrated visibilities. Figure 2.21
suggests the trend of core-flux variation obtained from VERA and VLBI is presum-
ably consistent, though both observations were not carried out simultaneously.
2.3.4 Calculation of Intrinsic Size
Aer model fitting, we calculated the intrinsic size of Sgr A* using the total flux
and themajor andminor axes sizes obtained fromGaussian-fitting.We estimated
2 http://www.bu.edu/blazars/VLBAproject.html
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the major axis intrinsic size based on a traditional method used in previous VLBA
observations (Lo et al., 1998; Bower et al., 2004, 2006; Falcke et al., 2009). We
adopted the scattering lawof Falckeet al. (2009), inwhich the scattering sizeφscatt
was given by
φscatt = 1.36 mas ×
(
λ
1 cm
)2
, (2.5)
yielding φscatt of ∼ 661 µas at 43.0 GHz. Assuming that the intrinsic brightness
distribution of Sgr A* is elliptical Gaussian, the intrinsic size φint is given by
φint =
√
φ2maj − φ2scatt. (2.6)
We note that here the scattering eect is assumed to be the same throughout all
the epochs. To convert units of intrinsic size φint, one can refer to following rela-
tion between angular scale in µas and Schwarzchild radius Rs given by
1 Rs = 9.87 µas ×
(
D
8 kpc
)−1( M
4× 106 M
)
. (2.7)
2.3.5 VLBA data of Sgr A*
To trace the variation of Sgr A* better, we combined the results of previous VLBA
observationswithour results.Wecalculated themajor axis intrinsic size fromdata
in the same way as §2.4. We show the data in Table 2.4. These data are taken
from the following references: Bower & Backer (1998a); Lo et al. (1998); Bower et
al. (2004); Shen et al. (2005); Lu et al. (2011). Bower et al. (2004) and Shen et al.
(2005) used the closure-amplitudemethod for fitting Gaussian-models to visibili-
ties. Theuseof closureamplitudediscards the informationof total flux.Hence, the
only available parameters are the sizes of major and minor axis. Bower & Backer
(1998a), Lo et al. (1998) and Lu et al. (2011) used visibility fitting. Thus, parameters
of both the sizes and total flux are available. To consider the systematic error of
a priori amplitude calibration, we add 10 % of the total flux to the error originally
reported. In Table 3, we also present intrinsic sizes that are calculated in the same
manneras those in§3.2.Wenote thatobservedonSeptember9of 1994andFebru-
ary 14 are obtained by the same observation, but analyzed by dierent methods
(Bower & Backer, 1998a; Bower et al., 2004; Shen et al., 2005). We adopt all the
data here.
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Table 2.4: The source structure derived from previous VLBA observations.
Epoch Freq. Stotal φmaj φint Rint Reference and comment
(yyyy-mm-dd) (GHz) (Jy) (µas) (µas) (Rg)
1994-04-26 43.151 720+10−10 296
+24
−24 30.0
+2.5
−2.5 Shen et al. (2005)
1994-09-29 43.151 1.28+0.16−0.16 762
+38
−38 387
+75
−75 39.2
+7.6
−7.6 Bower & Backer (1998a)
1994-09-29 43.151 720+10−10 296
+24
−24 30.0
+2.5
−2.5 Shen et al. (2005)
1997-02-01 43.2 1.03+0.10−0.10 700
+10
−10 247
+28
−28 25.0
+2.9
−2.9 Lo et al. (1998)
1997-02-14 43.213 728+16−11 319
+12
−8 32.3
+1.2
−0.8 Bower et al. (2004)
1997-02-14 43.213 710+10−10 275
+26
−26 27.9
+2.6
−2.6 Shen et al. (2005)
1999-03-23 43.135 710+10−10 269
+26
−26 27.3
+2.7
−2.7 Shen et al. (2005)
1999-04-24 43.135 690+10−10 211
+33
−33 21.4
+3.3
−3.3 Shen et al. (2005)
1999-05-23 43.1 713+12−9 275
+11
−8 27.8
+1.1
−0.8 Bower et al. (2004)
2001-07-12 43.2 725+22−12 311
+17
−9 31.5
+1.7
−0.9 Bower et al. (2004)
2001-07-29 43.2 770+30−18 405
+19
−12 41.0
+1.9
−1.2 Bower et al. (2004)
2001-08-05 43.2 704+64−43 258
+58
−39 26.2
+5.9
−4.0 Bower et al. (2004)
2002-04-15 43.2 708+17−13 269
+15
−11 27.2
+1.5
−1.1 Bower et al. (2004)
2002-05-03 43.2 708+6−4 269
+5
−4 27.2
+0.5
−0.4 Bower et al. (2004)
2002-05-13 43.2 709+9−6 272
+8
−6 27.5
+0.8
−0.6 Bower et al. (2004)
2004-03-08 43.175 722+2−2 302
+5
−5 30.6
+0.5
−0.5 Shen et al. (2005)
2004-03-20 43.175 725+2−2 309
+5
−5 31.3
+0.5
−0.5 Shen et al. (2005)
2007-05-15 43.1 2.02+0.22−0.22 710
+10
−10 267
+27
−27 27.0
+2.7
−2.7 Lu et al. (2011)
2007-05-16 43.1 1.59+0.17−0.17 720
+10
−10 292
+25
−25 29.6
+2.5
−2.5 Lu et al. (2011)
2007-05-17 43.1 1.99+0.21−0.21 720
+10
−10 292
+25
−25 29.6
+2.5
−2.5 Lu et al. (2011)
2007-05-18 43.1 1.61+0.17−0.17 710
+10
−10 267
+27
−27 27.0
+2.7
−2.7 Lu et al. (2011)
2007-05-19 43.1 1.86+0.20−0.20 710
+10
−10 267
+27
−27 27.0
+2.7
−2.7 Lu et al. (2011)
2007-05-20 43.1 1.66+0.18−0.18 720
+10
−10 292
+25
−25 29.6
+2.5
−2.5 Lu et al. (2011)
2007-05-21 43.1 2.02+0.22−0.22 720
+10
−10 292
+25
−25 29.6
+2.5
−2.5 Lu et al. (2011)
2007-05-22 43.1 1.90+0.20−0.20 720
+10
−10 292
+25
−25 29.6
+2.5
−2.5 Lu et al. (2011)
2007-05-23 43.1 1.92+0.21−0.21 720
+10
−10 292
+25
−25 29.6
+2.5
−2.5 Lu et al. (2011)
2007-05-24 43.1 1.78+0.19−0.19 680
+10
−10 172
+40
−40 17.4
+4.0
−4.0 Lu et al. (2011)
2007-05-15∼24 43.1 1.79+0.19−0.19 710+10−10 267+27−27 27.0+2.7−2.7 average of Lu et al. (2011)
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Table 2.5: The basic properties of CLEAN images.
Epoch Epoch Epoch Freq. θmaj θmin PA Sclean Ipeak σI
(Name) (DOY) (yyyy-mm-dd) (GHz) (µas) (µas) (◦) (Jy) (Jy beam−1) (Jy beam−1)
(a) 2005-294 2005-10-21 43.061 1098 642 6.51 0.85 0.64 0.02
(b) 2006-079 2006-03-20 43.061 1013 619 4.82 0.63 0.46 0.01
(c) 2006-109 2006-04-19 43.061 1078 609 -5.18 0.63 0.44 0.01
(d) 2006-308 2006-11-04 43.061 1126 581 -11.13 0.90 0.62 0.01
(e) 2007-073 2007-03-14 43.061 1079 683 1.69 0.78 0.59 0.02
(f) 2007-093 2007-04-03 43.061 1277 568 -15.91 0.93 0.64 0.02
(g) 2007-264 2007-09-21 43.061 1168 591 -12.39 0.75 0.52 0.01
(h) 2008-076 2008-03-16 43.061 1327 540 -21.67 0.60 0.42 0.01
(i) 2008-085 2008-03-25 43.061 1087 580 -14.46 0.62 0.42 0.01
(j) 2008-310 2008-11-08 43.061 1122 608 -14.15 0.95 0.66 0.01
2.4 RESULTS
2.4.1 Clean Images
Figure 2.22 shows the clean images for all the 10 epochs. The dynamic ranges of
the images are more than 30 and the averaged value is about 50. As shown in
Figure 2.22, Sgr A* has only one componentwhichhas nearly symmetric structure.
One can also see the symmetry of Sgr A* structure fromnearly zero closure phase
in Figure 2.20.Oneof themost remarkable results in Figure 2.22 is that this feature
has not changed for about 3 years. In other words, we did not detect ejection of
knot-like components through all epochs (although Sgr A* certainly exhibits flux
variation during the observed period).
We show in Table 2.5 the basic properties of these images, such as the size and
position angle of the synthesized beam, the cleaned flux Sclean, the peak bright-
ness Ipeak and the image r.m.s σI. One can obviously see the existence of time
variations of flux Sclean. On the other hand, non-detection of any knot-like struc-
ture suggests that the flux variation is associatedwith the flux changeof the single
component.
In previous studies, super-resolution images with restored circular beam are
frequently used for examining the resolved structure. We also show the super-
resolution images in the lower panels of Figure 2.22. One can see that the ob-
served structure of Sgr A* is Gaussian-like rather than point-like. The Gaussian-
like structure of Sgr A* is well-explained by the eect of the interstellar scattering
(Goodman & Narayan, 1989; Narayan & Goodman, 1989). Sgr A* is well resolved
along the east-west direction, since the size of scattering disk along the east-west
direction is larger than the north-south direction (Bower et al., 2004). The size of
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(a) (b) (c)
(d) (e) (f)
Figure 2.22: The uniform weighted clean images of Sgr A* (top panels). (a)-(j) are names
of epochs shown in Table 2.5.Bottom panels are super-resolution images a
restored circular beam with size of 0.6 mas. The contours are plotted at the
level of 5Srms ×
√
2
n
(n = 1, 2, 3, . . . ).
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(g) (h)
(i) (j)
Figure 2.22: —Continued.
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Table 2.6: The source structure obtained from Gaussian-fitting.
Epoch Stotal φmaja φmina PAa φintb Rintb
(Name) (Jy) (µas) (µas) (◦) (µas) (Rg)
(a) 1.0±0.1 740±10 <549 78+1−1 340±20 34±2
(b) 0.8±0.1 760±10 <507 77+1−1 380±20 38±2
(c) 0.7±0.1 710±20 <539 86+2−2 260±50 26±5
(d) 0.9±0.1 710±10 <563 82+1−1 260±30 26±3
(e) 0.8±0.1 730±20 <540 69+1−1 310±50 31±5
(f) 1.1±0.1 700±10 <639 71+1−2 240±30 24±3
(g) 0.9±0.1 700±10 430+50−70 94+4−3 240±30 24±3
(h) 0.8±0.1 710±10 350+40−70 67+2−2 260±30 26±3
(i) 0.7±0.1 690±10 <544 79+1−1 200±30 20±3
(j) 1.1±0.1 700±10 340+30−40 77+1−1 240±30 24±3
X¯ c 0.9 720 370 78 270 27
σX
d 0.1 20 40 8 50 5
aSizes and position angles obtained by elliptical-Gaussian-fitting to calibrated
visibilities
bIntrinsic sizes of Sgr A*
ctime-averages of each parameter
dStandard deviations of each parameter
the lowest contour in super-resolution map is about 1.8 mas in the direction of
Right Ascension and about 0.6 mas in the direction of Declination.
These featuresareconsistentwith resultsofpreviousVLBAobservations (Bower
& Backer, 1998a; Lo et al., 1998; Lu et al., 2011). We note that the number of base-
lines of VERA is less than VLBA, but the size of the synthesized beam is almost
the same as that of previous VLBA observations since long baseline data of VLBA
observations are also flagged out because of low S/N ratio.
2.4.2 Model-fitting Results
In previous studies of Sgr A*, VLBI-scale source structure has been quantified by
using Gaussian fitting to visibilities, since the observed Sgr A* structure is well ex-
plainedby anelliptical Gaussiandistribution (Bower et al., 2004; Shen et al., 2005;
Lu et al., 2011). In fact, our results also show a symmetric and Gaussian-like struc-
ture consisting of a single component, as described in the previous subsection.
Hence, we fittedGaussianmodels directly to the calibrated visibility datawith the
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least-square method as described in Section 2. Figure 2.23 shows their time vari-
ations. The parameters obtained from the fitting, such as total flux Stotal, size of
themajor/minor axesφmaj/φmin, position anglePA and intrinsic sizeφint/Rint are
summarized in Table 2.6. In addition to the fitting results of individual parameters,
weshowtime-averagesandstandarddeviationsof eachparameter throughoutall
the epochs at the bottom line of Table 2.6. As an example of Gaussian fitting, we
have already shown the results for epoch (g) in Figure 2.19.
We note about the upper limits of the minor axis size of Sgr A* set in several
epochs and the errors on PAs in Table 2.6. In some epochs, upper limits of the
minor axis size are obtained. In these epochs, we could not detect structure elon-
gated in the direction of theminor axis of Sgr A*. Themost probable reason is the
lackof spatial resolution; themajor axis of the synthesizedbeam is oriented in the
N-S direction closer to the direction of the minor axis of Sgr A* and major size of
the beam is typically∼ 1.2mas, which is∼ 3 times greater than typicalminor axis
size of Sgr A*. In addition to the lack of spatial resolution, the poor uv−coverage
in the N-S direction probablymakes themeasurement of minor axis size of Sgr A*
more diicult. Therefore, in these epochs, we set a half of the major axis size of
the synthesized beam (∼ 0.6 mas) as an upper limit of the minor axis size of Sgr
A*. This upper limit (typically 0.5-0.6 mas) is reasonable, because the Gaussian
distribution with the minor axis size of 0.5-0.6 mas should be resolved-out in our
observations. We confirmed that if theminor axis size was 0.6mas, fringes would
have been detected only in Mizusawa-Ogasawara and Iriki-Ishigaki baselines con-
sidering the sensitivity of our observations, which is clearly inconsistent with our
results. This fact strongly indicates that the minor axis size was smaller than 0.6
mas.
We successfully measured the major-axis size φmaj through all the epochs. The
time-average of φmaj is 720 µas, which is consistent with previous VLBA observa-
tions (Bower et al., 2004; Lu et al., 2011). On the other hand, we could not deter-
mine theminor-axis size φmin in several epochs. The time-average of φmin and PA
are about 370 µas and 78◦ (without using upper limit data), and also similar to
previous results of VLBA. However, the minor axis size and also position angle of
Sgr A* are possibly aected by synthesized beam (i.e. uv coverage and spatial res-
olution). Thus, it is diicult to discuss the time variation of theminor axis size and
position angle. Hence, in this thesis, we concentrate on the variation of the flux
andmajor axis size.
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(a)
(b)
Figure 2.23: The time variations of the flux and structure of Sgr A*. From the top of figure,
vertical axes are correspond to the flux, the size ofMajor axis and the intrinsic
size. The squares are our results, while the circles and the crosses are VLBA re-
sults. The circledmark are the result of Yusef-Zadeh et al. (2009) and the error
bar indicates the range of the intra-day variability. (a) shows all data shown in
Table 2.6 and 2.4, while (b) shows VERA data and VLBA data observed around
VERA epochs (2005-2008).
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Remarkably, in addition to the flux variation, one can see the variation of the
intrinsic size. The standard deviation of Sν, 0.1 Jy corresponds to ∼ 11 % of the
time-averaged flux S¯ν, while that of φint, 50 µas corresponds to ∼ 19 % of the
time-averaged intrinsic size φ¯int. We confirmed the significance of time variations
in Stotal, φmaj and φint from χ2 tests of hypotheses of no time variation in those
quantities. The error weighted averages of Stotal, φmaj and φint are 0.9 Jy, 710 µas
and 290 µas, resultingχ2s based on the hypotheses are 20, 41 and 46 respectively.
The χ2 tests based on those χ2s indicate that the hypotheses are rejected at the
significance level of 5 %.
A noteworthy feature in Figure 2.23 is that the total flux of Sgr A* was flared up
to about 2 Jy in May 2007 (Lu et al., 2011). They also reported that the fluxes at 22
GHz and 86 GHz are high in these epochs as well. Compared with the results of a
dense monitor in Herrnstein et al. (2004), observed fluxes of Sgr A* are relatively
high. In the present paper, we refer to this flaring of Sgr A* as ”the flaring event”.
Combination of our and VLBA results suggests that the duration of the flaring
event was longer than 10 days and shorter than 151 days. The time-averaged flux
during the flaring event is 1.79± 0.05 Jy. This is about 1.7 times higher than epoch
(f) (∼ 1 month prior to the flaring event), and also 2.1 times higher than epoch (g)
(∼ 6months posterior to the flaring event). Meanwhile, the time-averaged intrin-
sic size during the flaring event is 267 ± 27 µas, which is consistent with those
of epochs (f), (g) and the time-averaged value of our results within 1 σ level. This
result indicates that the brightness temperature of Sgr A* increased during the
flaring event (see §4.1).
2.5 DISCUSSION
2.5.1 Variability of the Brightness Temperature
The total flux and the major axis size of Sgr A* were successfully measured. They
can be used for discussing the possibility of the variation in the brightness tem-
perature Tb, which is calculated by
Tb =
2c2
kBν2
Stotal
piφint_majφint_min
(2.8)
= 9.54× 108 K×
( ν
43 GHz
)−2
(
Stotal
1 Jy
)(
φmaj_int
1 mas
)−1(φmin_int
1 mas
)−1
. (2.9)
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Figure 2.24: The time variations of the multiply of the intrinsic-minor-axis size and the
brightness temperature.
φint_maj and φint_min are intrinsic sizes of the major and minor axes. Here, the
brightness distribution is set to be an uniform elliptical disk. Its diameter is set
to be FWHM sizes of the elliptical Gaussian model, ant its total flux equals to that
of the elliptical Gaussian model.
Since the minor-axis size was not determined in many epochs, we define the
multiple of the brightness temperature and the minor axis intrinsic size given by
M ≡
(
Tb
109K
)(
φmin_int
260 µas
)
(2.10)
= 3.67
( ν
43 GHz
)−2(Stotal
1 Jy
)(
φmaj_int
1 mas
)−1
, (2.11)
where the normalization factor of 260 µas for the intrinsic-minor-axis size is re-
ferred to from averaged value of VLBA measurements in Bower et al. (2004). We
show the time variation in M in Figure 7. If the brightness temperature does not
varies with time, the variation in M should originate from that in the intrinsic mi-
nor size. Here, we assume the time-averaged value of the intrinsic-minor-axis size
for our VERA data to be 260 µas.
In our VERA results (without VLBA data), the constant brightness temperature
requires variation in observed-minor-axis size ranged from ∼ 190 µas to ∼ 415
µas. It would be diicult to detect such a variation with VERA considering the
beam size along the N-S direction. Thus, the variation in M could be explained
only by the variation in the intrinsic-minor-axis size.
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On the other hand, the combination of VERA data and VLBA data requires the
increase in the brightness temperature at the flaring event. The error-weighted
averagesofM are 1.0 for our VERAdataand2.3 for VLBAdataat the flaringevent. If
there was no time variation in the brightness temperature through our VERA data
and the flaring event, the observed-minor-axis size of 590 µas should have been
required at the flaring event. However, Lu et al. (2011) reported the time-averaged
minor axis sizeof 400± 10µasat the flaringevent and inconsistentwithpredicted
observed-minor-axis size of 590 µas. Thus, the increase in M at the flaring event
cannotbeexplainedonlyby variationof the intrinsic-minor-axis size, and requires
the increase in the brightness temperature.
2.5.2 The Origin of Variability in the Brightness Temperature
2.5.2.1 Possibilities of an Extrinsic Origin
The variation of the total flux and intrinsic size of Sgr A* most likely requires the
variationof thebrightness temperature.Beforediscussing this, here,wecomment
on the possibility of interstellar scattering as an origin of the time variations of Sgr
A*. Since the detailed structure of the scatteringmedium is still unknown, it is not
possible to totally rule out the eect of interstellar scattering. The scattered im-
age of Sgr A* is thought to be created by turbulent plasma along the line of sight.
A typical time scale for the scattering is given by refractive time scale, which is de-
termined by relative motions of the observer, turbulent plasma and background
source. The refractive time scale for Sgr A* is estimated to be∼ 0.5 λ2 year cm−2
, given a relative velocity of 100 km s−1 (Goodman & Narayan, 1989; Bower et al.,
2004). At 43 GHz, the refractive time scale becomes∼ 3 months. Most of our ob-
servations are separated by periods longer than 3months, implying that the time
variations of the total flux may be partly caused by refractive changes. However,
epochs (e), (f) and the flaring event reported by Lu et al. (2011) are separated by
only amonth (see Figure 2.23). Furthermore, Luet al. (2011) reported that the spec-
tral index became harder than previous results. In simple models of interstellar
scattering, the modulation index of the flux density decreases with frequency in
a strong scattering regime (Rickett, 1990). This would lead to an anti-correlation
between spectral index and mm-flux. Therefore, the flaring event is inconsistent
with the eects of simplemodels for interstellar scintillation. Thus, observed vari-
ation of brightness temperature is likely intrinsic. In the following subsections, as-
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suming that the flaring event in Lu et al. (2011) is intrinsic, we discuss possible
intrinsic origins of the flaring event in 2007.
2.5.2.2 Models with Jets, Expanding Plasmon or Hot Spot
Here, we discuss whether the brightness temperature variation associated with
the flaring event can be explained by models suggested for intra-day variations.
In previous studies, several models were proposed as the origin of intra-day vari-
ation, such as models with jet (Falcke et al., 2009; Maitra et al., 2009), expand-
ing plasmon model (Yusef-Zadeh et al., 2008, 2009) and orbiting hot-spot model
(Broderick & Loeb, 2006; Eckart et al., 2006, 2008).
Both VERA and VLBA have not detected any additional components in the Sgr
A* images around the flaring event in 2007. From this fact, an ejection of a sub-
relativistic or relativistic bright component (Falcke et al., 2009; Maitra et al., 2009)
would be ruled out in this case. The size of Sgr A* at 43 GHz is about 0.7mas along
the major axis, corresponding to a light crossing time of ∼ 46 min. If the flaring
event is owing to an ejection of an outflow or a jet, the velocity of the new com-
ponent must be less than 0.003 c so that the new component cannot be resolved
from the persistent component within 10 days. This velocity upper-limit is signifi-
cantly smaller than the predicted value of 0.1c in Falcke et al. (2009).
The expanding plasmon model (van der Laan, 1966), in which creation of an
expanding plasma blob causes flux variation, predicts an expansion velocity com-
parable to the upper limit of 0.003 c in case of the intra-day variation of Sgr A*
(Yusef-Zadeh et al., 2008, 2009; Li et al., 2009). However, when the expansion ve-
locity is comparable to 0.003 c, the adiabatic cooling time-scale is shorter than a
day. If the expansion velocity is smaller than 0.003 c, the adiabatic cooling time-
scale can be longer. However, in such a case, the synchrotron cooling dominates
the adiabatic cooling. According toMarrone et al. (2008), the synchrotron cooling
time-scale is given by
tsyn = 39 hrs
( ν
86 GHz
)−1/2 ( B
10 G
)−3/2
. (2.12)
In previous studies, typical magnetic-field strength is estimated to be around or
larger than 10 G (Yusef-Zadeh et al., 2008, 2009; Li et al., 2009). If the magnetic-
field strength of 10 G is adopted, the flux decay time-scale at 86 GHz is much
shorter than 10 days, which contradicts the results of Lu et al. (2011).
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The observed VLBI structure presumably does not favor the expanding plas-
mon model. As described in Section 3, the total flux of 22 GHz also increased in
the flaring event (Lu et al., 2011). If the expanding plasmon is the origin of the
flaring event, this hot plasma should be generated outside of the 22-GHz photo-
sphere. A typical intrinsic size of Sgr A* is 74 Rs or 0.73 mas at 22 GHz (Falcke et
al., 2009). If there is a bright component outside of the radio-photosphere at 22
GHz, its should be resolved in VLBI maps at 43 GHz or 86 GHz, being inconsistent
with the results in the present thesis. For the same reason, it is unlikely that the
flux increase is caused by an orbiting hot spot (Broderick & Loeb, 2006; Meyer et
al., 2006a; Trippe et al., 2007; Eckart et al., 2006, 2008; Li et al., 2009).
In summary, the models with new components emerged in optically-thin re-
gions would not be able to explain the flaring event. Finally, we note that the per-
sistent jet model (Falcke & Marko, 2000; Yuan et al., 2002; Marko et al., 2007)
is not ruled out. Most likely, it is diicult to explain such a flux variation by newly
emerged components, but it could be explained assuming that, for example, the
flux variation is owing to the variation of the photosphere of the jet core.
2.5.2.3 Models with RIAF disk
Themodels with additional bright components would be not suitable for explain-
ing the flaring event. Hence, the flaring event is likely to be associated with a
brightness increase of the photosphere. Compared with the light crossing time
and Keplerian orbital period, the flaring event had much longer duration. This
fact suggests that the flaring event is likely owing to an event that establishes a
new steady state in Sgr A*’s accretion disk. The existence of the high density state
of Sgr A* is also suggested by Herrnstein et al. (2004) based on the preliminary
bimodal distribution of flux density. Moreover, recent Event Horizon Telescope
observations (Fish et al., 2011) found also such an establishment of new steady
state with higher brightness temperature at 1.3 mm. Thus, the flaring event may
be possibly caused by such a new steady state.
According to accretion diskmodels, an electron energy distribution and its spa-
tial dependency are crucial for determining the radio emission of Sgr A*. However,
the detailed properties of these have been unclear. For instance, some models
succeeded in explaining the radio spectrum of Sgr A* by emission from thermal
electrons (Kato et al., 2009), while othermodels fail to explain the radio spectrum
of Sgr A* using only thermal electrons (Mościbrodzka et al., 2009) and need non-
thermal electrons (Yuan et al., 2003; Broderick et al., 2009, 2011). In fact, recent
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theoretical studies imply that true electron distribution functions contain non-
thermal components (Riquelme et al., 2012). Thus, at present we should consider
both thermal and non-thermal electrons for the radio emission of Sgr A*.
Thermal electrons are probably not suitable for explaining the flaring event
based on a self-similar RIAF model. If the flaring event is established by emission
from thermal electrons, an increase in brightness temperaturemeans increase in
theelectron temperature, since thermal synchrotronemissionat43GHz is thought
to be optically thick. According to studies of self-similar ADAFmodel (Mahadevan,
1997), an electron temperature Te in ADAF has a dependency of ∝ m˙−1/14, where
m˙ is amass accretion rate. This dependency is not changedeven in the self-similar
ADIOSmodel (see Eq.(A.95) in Appendix A). Thus, an increase in the electron tem-
perature needs a larger decrease in the mass accretion rate. On the other hand,
because the luminosity of a RIAF disk is proportional to∼ m˙2 (Kato et al., 2008),
the radio flux should decrease as the mass accretion rate decreases. This is in-
consistent with our observational results that both the brightness temperature
and the total flux increased at the flaring event. Thus, based on theoretical stud-
ies of self-similar RIAF, thermal electron origin is not favored. However, since the
electron temperature profile, which seriously aects the radio emission, is poorly
constrained, our resultsmight beexplainedbyanewsteadyelectron temperature
profile, for instance, owing to standing shock in accretion disk (Nagakura & Taka-
hashi, 2010). Moreover, the recent numerical GRMHD simulations suggest that a
scaling law between the radio flux and themass accretion rate is slightly dierent
from that of self-similar RIAFmodel (Mościbrodzka et al., 2012). Future numerical
studies might explain this flaring event with only thermal electrons.
Non-thermalelectronscouldbe theoriginof that.Recentaxis-symmetricparticle-
in-cell (PIC) simulation of the collision-less magnetic-rotational-instability (MRI)
shows that MRI in RIAF causes magnetic re-connections and that non-thermal
components can be produced bymagnetic re-connections (Riquelme et al., 2012).
However, the detailed production mechanism of stationary non-thermal compo-
nents has been unclear. At least, a single event of electron acceleration is not fa-
vored (§4.2.1), but themechanismof continuous injectionofacceleratedelectrons
should be required. A standing shock in the accretion disk (Nagakura & Takahashi,
2010) might explain continuous acceleration of electrons.
In summary, as the origin of the flared emission at the flaring event, thermal
electrons are not favored based on a self-similar RIAF model. However, an estab-
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lishmentof anewsteadyelectron temperatureprofile or futurenumericalGRMHD
simulationmight explain the flaring events. Non-thermal electrons could explain
the flaring event assuming a continuous production mechanism of non-thermal
electrons suchasastandingshock inaccretiondisk. Simultaneousmeasurements
of detailed radio spectra varied fromcmto sub-mmwavelengthswouldbehelpful
to constrain the properties of electron distribution at the flaring event.
2.6 SUMMARY
We presented the results of multi-epoch VERA observations of Sgr A* at 43 GHz
performed from 2005 to 2008. Observed images showed that Sgr A* has only one
component forabout3yearsandwedidnotdetectanysignificant structural changes
such as creation of new jet components through all epochs. Based on the analy-
ses with Gaussian fitting to the observed visibilities, we detected time variations
of the total flux and the intrinsic size. By combining the results of VLBA and VERA
observations, we found the flaring events at least longer than 10 days. Further-
more, we have succeeded in determining the intrinsic size before/aer the flaring
event. Our measurements indicate that the intrinsic sizes remained unchanged
within 1 σ level from the sizes before/aer the flaring event, indicating that the
brightness temperature of Sgr A* increased at the flaring event.
The flaringeventofSgrA* in2007occurredwithinonemonth,which is less than
the typical reflective time-scale of interstellar scattering at 43 GHz. Moreover, the
correlation between spectral index and flux densities reported in Lu et al. (2011)
cannot be explained from simple models of interstellar scattering. Thus, the flar-
ing event is likely to be intrinsic. Considering the features of the observed images
and the cooling time-scale of electrons, it is unlikely that the flaring event is asso-
ciated with an ejection of relativistic component or a temporal one-shot plasma
heating such as an expanding plasma blob or a hotspot orbiting around the cen-
tral black hole. Thus, the flaring event is likely to be associated with a brightness
increase of the photosphere. Following self-similar ADAF (Mahadevan, 1997), our
results do not favor the change of thermal electron temperature as the origin. To
explain the flaring event, a new mechanism heating electrons continuously for
much longer than orbital periods of accretion disk, such as a standing shock in an
accretion flow. In future, simultaneous measurements of the detailed radio spec-
tra varying from cm to sub-mm wavelengths would be helpful to constrain the
property of electron distribution at the flaring event.
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5
CONCLUS ION AND FUTURE
PROSPECTS
5.1 CONCLUSIONS
In this thesis, we present mm-VLBI observations of (1) the galactic center Sgr A*
with VLBI Exploration of Radio Astrometry (VERA), (2) the nearby radio galaxyM87
with the Event Horizon Telescope (EHT), and (3) the blazar NRAO 530with EHT, all
of which are the main targets of the Event Horizon Telescope in the next decade.
All of threeworks in this thesis demonstrate the importanceof the futuremm-VLBI
observationsparticularlywith theEventHorizonTelescope tounderstand the fun-
damental nature of the high energy phenomena in the vicinity of the SMBHs. We
conclude our new findings and new questions obtained in each work as follows.
5.1.1 Works on Sgr A* (Chapter 2)
New Findings
• Long-term monitoring observations with VERA revealed that Sgr A* under-
went a flaring event in 2007 May. The duration of flare is at least 10 days,
which is much longer than flaring events reported in the previous studies.
The flaring event ismost likely associatedwith changes in the intrinsic prop-
erties of Sgr A*, combining with our results and the spectrum index mea-
surements at the flaring state.
• The stable structure on mas scales observed with VERA and VLBA around
this new kind of the active state disfavors origins associated with an ejec-
tion of relativistic component or a temporal one-shot plasma heating such
as an expanding plasma blob (e.g. Yusef-Zadeh et al., 2006b) or a hot spot
orbiting around the central black hole (Broderick & Loeb, 2006). Thus, the
flaring event is likely to be associatedwith a brightness increase at the pho-
tosphere of the accretion disk and/or the jet.
169
170 CONCLUSION AND FUTURE PROSPECTS
• Thesynchrotroncooling time-scaleatmillimeterwavelength ismuchshorter
than the duration of the flare. This requires a mechanism that heats elec-
trons continuously on timescales much longer than the orbital timescales
of the accretion disk. We found that mas-scales properties around the flare
cannotbeexplainedby increase in themassaccretion rate in the thermal ra-
diatively ineicient accretion flow inferred for Sgr A*. It might be explained
by other kinds of phenomena such as a standing shock in an accretion flow.
New Questions
• Both a flaring state in 2007 found in our observations and a flare detected in
Event Horizon Telescope (EHT) observations in 2009 (Fish et al., 2011) show
increase in the brightness temperature. How is the relation between event-
horizon scale structure traced with EHT and larger-scale structure of few or
several tens of Rs traced with cm/long-mm VLBI?
• How oen such a kind of very long flares occurs in Sgr A*? What a typical
frequency of the flare reflects?
It is important to investigate multi-frequency structure with quasi-simultaneous
observations with EHT and cm/long-mm VLBI for tracing variations on many lay-
ers of the plasma photosphere for understanding the variability in Sgr A*. On the
other hand, the dedicated monitoring is useful to study properties of variations
on its time-domain properties.
5.1.2 Works on M87 (Chapter 3)
New Findings
• For the first time, we have acquired 1.3 mm VLBI interferometric phase in-
formation onM87 throughmeasurement of closure phase on the triangle of
longbaselines.Measuredclosurephasesare consistentwith0◦, as expected
byphysically-motivatedmodels for 1.3mmstructure suchas jetmodels and
accretion disk models. Although our observations can not currently distin-
guish models, we show that the future closure phase/amplitude measure-
ments with additional stations and greater sensitivity can eectively distin-
guish and put a tight constrain on physical models.
• The brightness temperature of the event-horizon-scale structure is ∼ 2×
1010 K both for previous observations (Doeleman et al., 2012) and our new
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observations. This brightness temperature is broadly consistentwith thatof
the radio core at lower frequencies from 1.6 to 86 GHz located in the inner
∼ 102 Rs. We demonstrated a simple analysis assuming that the observed
radio core is the photosphere of synchrotron self-absorption. It shows that
the constant brightness temperature may give themagnetic-field profile of
B ∝ r∼−1core in inner∼ 102 Rs, consistent with a prediction of the conical jet
with no velocity gradient dominated by the toroidal magnetic field.
• Our observationswere conducted in themiddle of a VHEenhancement orig-
inating in the vicinity of the central black hole. The eective size derived
from our data and results of lower-frequency observations favor the rela-
tively extended size of VHE emission region of ∼20-60 Rs. This would not
favor VHE emission models that predict a compact emission region of. 10
Rs for this particular event.
New Questions
• Our results revealed that theevent-horizon-scale structurehadalmost same
flux density and size in March 2009 and March 2012. Is it just eventual coin-
cidence? or Is the event-horizon-scale structure highly stable in contrary to
predictions from theoretical works on GRMHDmodels?
• In themiddle of this long VHE events, the event-horizon-scale structure did
not significantly change, favoring the extended size of VHE emission region.
However, it is not clear that this implication can be applied to other flares
with much shorter time-scale.
It is clear that future EHT observations are crucial not only to constrain on the
event-horizon-scale structure but also to accumulate data sets to answer these
newly raisedquestionson the time-domainpropertiesof thephenomenaonevent-
horizon scales.
5.1.3 Works on NRAO 530 (Chapter 4)
New Findings (particularly on sub-parsec-scale properties of blazars)
• Current EHT observations revealed the curved trajectory of the inner-jet
structure on sub-parsec scales in all three blazars NRAO 530, 1921-293 and
3C 279. In particular, in the case of NRAO 530, the inner-jet position angle
on sub-parsec scales is consistent between two epochs with an interval of
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∼10 years, largely oset from position angles of the larger scale jet and its
motion. These results seem dierent from two broad trends of the parsec-
scale jets in blazars that (1) the apparent speed changes are distinctly larger
than changes in direction, and (2) the jet feature changes the position an-
gle of itsmotion into a direction getting the better alignmentwith themean
inner-jet position angle. Current EHT resultsmight favor a scenario that the
jet is following pre-established channels and jet features move around the
bend, as the major mechanism of the non-radial and non-ballistic motion
on sub-parsec scales.
• EHT and VLBA observations strongly suggest that the inner jet in NRAO 530
has a curved trajectory on sub-parsec scales, and the counter part of γ-ray
activities actuallymoves alonga curved trajectory, as suggested inprevious
studies to explain rotations in EVPA in other blazars. This is the first example
that γ-ray emission region is located in the bending jet.
• Using the size of the jet component observed with EHT, we performed new
analysis to constrain on physical parameters of the jet. The accurate size
measurementof the jet componentcanprovide (i) constraintson theDoppler
factor that cannot be constrained by velocity measurements, and also (ii)
constraints on the viewing angle tighter than velocity measurements.
New Questions
• Our results and previous EHT results on other blazars show that all three
blazars observed with EHT have curving structures on sub-parsec scales.
How the bending structure is common in blazars on sub-parsec scales? Do
sub-parsec-scales structureshavestatistical trendsdierent toparsec-scales
structure?
• Our results show that the γ-ray emission region most probably propagate
downthebending jetonsub-parsec scales.How is it common for radiocoun-
terpartsofγ-rayactivities topropagatedownthebending jet?Howtheprop-
agationof the jet component aects polarization angles in radio andoptical
regimes?
It is important to increase samples in terms of the number of sources and also
in terms of following-up observations of γ-ray activities with EHT for understand-
ing these questions. Lower-frequency VLBI observations are also useful for deter-
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Figure 5.1: The array configuration of the Event Horizon Telescope aer 2015.
mining the trajectory of the jet components from measurements of their proper
motions.
5.2 FUTURE PROSPECTS
Early EHT results (Chapter 1, Chapter 3 and Chapter 4 and Doeleman et al. 2008,
2012; Fish et al. 2011; Lu et al. 2012, 2013; Akiyama et al. 2014b) were based on
observations with telescopes at only three sites in the United States: CARMA in
California, ARO/SMT in Arizona, SMA, JCMT and CSO in Mauna Kea in Hawaii (see
Chapter 1). uv-coverage of three-site VLBI is not enough to image VLBI structures.
In addition, the sensitivity might not be enough to detect fringes on longer base-
lines as in the results of M87 (Chapter 3).
These kinds of problems will be resolved in near future. uv-coverage and sen-
sitivity of the array have been improved by participations of new telescopes and
also upgrades in instruments at each observatory. For instance, we recently de-
tected 1.3 mm VLBI fringes between Atacama Pathfinder Experiment telescope
(APEX) in Chile, SMA and SMT in May 20121, providing longer baselines of several
Gλ. In 2015, EHT will start test observations at new telescopes and/or interferom-
1 http://www.eso.org/public/news/eso1229/
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eters such as the phased-up ALMA (Atacama Large Millimeter/submillimeter Ar-
ray) in Chile, the Large Millimeter Telescope (LMT) in Mexico, the IRAM 30m Tele-
scope in Spain and thePlateaudeBure Interferometer (PdBI) in France (see Figure
5.1) as well as with new digital backend systems with a recoding rate of 16 Gbps
much broader then early EHT observations. This will provide not only significant
improvements on not only uv-coverage of the EHT, but also sensitivity of the EHT.
It is clear that the next decade will be the “EHT” era, when a great deal of pro-
gresses will be achieved in studies of astrophysical phenomena in the vicinity of
the supermassive black holes (SMBHs)with EHT. As the closing section of this the-
sis, I briefly summarize my (our) prospects of the EHT era particularly on topics
related with this thesis.
5.2.1 Direct Imagingof theEventHorizonofSuper-massiveBlackHoles
Imaging Techniques
The most attractive issue for everyone must be direct imaging of the event hori-
zon of SMBHs in our galactic center Sgr A* and M87. In Chapter 3, we have shown
that the current uv-coverage of EHT is not long enough to catch up the signature
of the strong gravity in the vicinity of the SMBH in M87. However, the complex be-
havior in the visibility distributiondue to the signatureof the event horizon canbe
expected to appear on large spatial frequencies over∼4 Gλ, which can be surely
observed in future EHTobservations (Figure 3.18).We canexpect the exactly same
thing for Sgr A*, because the expected size of the SMBH is similar to that of M87.
Thatmeans crucial information to clarify Rs-scale structure in Sgr A* andM87will
be obtained with EHT aer 2015.
Indeed, recentworkson imaging techniques for EHThave shown that theevent-
horizon scale structure can be properly imaged with EHT aer 2015. First, we de-
veloped a new imaging technique for the radio interferometry “the sparse mod-
eling” (Honma et al., 2014), which has been a standard imaging technique for the
magnetic resonance imaging (MRI) in the medical field (e.g. Lustig et al., 2008).
This technique avoids the image degradation by finite beam size as well as nu-
merous side-lobes due to the dirty synthesized beamof interferometer, which is a
technical problemof the standard imaging techniqueCLEAN (Högbom, 1974) solv-
ing the imageusing the synthesizedbeam. The sparsemodeling is less aectedby
the eect of the synthesized beam, leading to super-resolution images in which
structure finer than the standard beam size (diraction limit) can be reproduced.
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Figure 5.2: Examples of the reconstructed images with the sparse modeling (Honma et
al., 2014). Le panels are model images with a black hole shadow for M87
in the case of the smaller black hole mass of 3 × 109 M. In that case, even
with EHT aer 2015, the synthesized beam is larger than the size of the black
hole shadowand completelywashout the detailed structure on event-horizon
scales (middle panels). Our new technique, the sparse modeling can recon-
struct event-horizon scale structures properly even with realistic (or probably
worth than real) thermal noises.
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We found that this technique can reconstruct the signature of the gravitational
lensing robustly for M87 with observational noises (Figure 5.2), even if they have
blackhole shadowswith a size of∼ 10µasdue to lowerblack-holemasses and/or
the high spin. It indicates thatwith this new techniquewe can properly detect the
signature of the event horizon even in the worst case that its size is much smaller
than the synthesized beam of the EHT aer 2015.
On the other hand, recent studies of other groups show that the event-horizon
scale structure can be imaged for both M87 and Sgr A* using the another tradi-
tional imaging technique “Maximum Entropy Method” (Lu et al., 2014; Fish et al.,
2014). Lu et al. (2014) reports that the event-horizon scale structure in M87 can be
properly reproduced for the larger mass case with the Bi-SpectrumMaximum En-
tropyMethod (BSMEM) developed for the optical/infra-red interferometry (Figure
5.3 (a)). Very recently, Fish et al. (2014) shows that Sgr A* can be also properly im-
aged with BSMEM by removing the eect of the interstellar scattering using well-
determined elliptical-Gaussian scattering kernel (see §2.1.5.2) before the image
reconstruction in advance (Figure 5.3 (b)).
The ExchangeMonte Carlo (EMC) technique, which I developed for reconstruct-
ing an image of NRAO 530 in Chapter 4, can be also used for deriving information
of the event-horizon scale structure. Since EMC can derive the best-fit parame-
ter and also its probability distribution function robustly even for models with
a large number of parameters and high complexity, the Baysian modeling with
EMC would be one of useful tools for the EHT science in the next few years. I and
Dr. Benkevich in MIT Haystack observatory have been working on the soware
reconstructing the signature of the gravitational lensing from Sgr A* data using
geometrical models. We confirm that the Baysian modeling with EMC using geo-
metrical models works well for reconstructing images from simulated data based
on some physical models (Figure 5.4).
In summary, many powerful techniques have been developed for reconstruct-
ing images from the observed visibility. It is promising that we can discuss de-
tailed structure on event-horizon scales with the upgraded EHT and such new
imaging techniques.
5.2.1.1 Scientific Prospects
Here, I briefly describe some of what one can discuss based on the event-horizon
scale structure observed with future EHT observations.
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(a)
Model Model (Scattered) BSMEM (Raw) BSMEM (Deburred)
(b)
Figure 5.3: Examples of the reconstructed images with the Bi-Spectrum Maximum En-
tropy Method (BSMEM). (a) The results of imaging simulations using a M87
jet model in Broderick et al. (2009) on uv-coverages of EHT aer 2015 (Lu
et al., 2014). The le panel shows a model image, while right three panels
show reconstructed images with BSMEM, SQEEZE (an imaging soware using
MCMC and BSMEM) and Multi-resolution CLEAN implemented in CASA. The re-
constructed image using BSMEM regularizations (with BSMEM, SQEEZE) have
higher fidelities than Multi-resolution CLEAN method. (b) The results of imag-
ing simulations using semi-analytic RIAF model for Sgr A* in Broderick et al.
(2011) on uv-coverages of EHT aer 2015 (edited images in Fish et al., 2014).
The le two panel show amodel image and amodel image convolvedwith the
scattering kernel inferred for 1.3 mm, while the right two panels are a recon-
structed imagewith BSMEMusing a “raw” simulated data and a reconstructed
image with BSMEM using a “de-burred” simulated data where the scattering
eect on the visibility amplitude is corrected in advance. The reconstructed
image on the de-burred data clearly has the highest fidelity and reconstruct a
signature of the strong gravity of super-massive black holes.
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Model Image Reconstracted Image
Preliminary
Figure 5.4: Examples of the reconstructed images with the Baysian modeling using the
Exchange Monte Carlo method (Benkevich & Akiyama et al. in prep.). The le
panel shows a model image of (Broderick et al., 2011), while the right panel
shows a reconstructed imagewith the ExchangeMonteCarlomethod (Chapter
4) using a geometrical model with nine parameters.
First of all, it is trivial that the direct imaging of the event horizon is of great
importance, since itwouldbeanultimateproof for existenceof theblackhole and
also the first confirmation that Einstein’s general relativityworkswell in the strong
gravity regime. Since the mass of SMBHs in Sgr A* and M87 is well-determined,
themeasurement of the shadow feature provides strong constraints on the black-
hole spin for these sources, which is very important to understand the physical
properties of the accretion disk and/or the jet and also the evolutional history of
the SMBH itself.
ForM87, as explained in Chapter 3, the emission structure contains information
crucial to understand mysteries of the relativistic jet. For instance, 1.3 mm emis-
sion structure can be significantly dierent depending on (i) the loading radius of
non-thermal particles and (ii) the profiles of non-thermal particles and magnetic
fields. Since thecrescent-like featureappearsmoreclearlyat smallerparticle load-
ing radii, the emission structure around the last-photon orbit is quite useful to
clarify one of the biggestmysteries on the relativistic jet “where leptons are accel-
erated and the jet starts to be luminous”. In addition, the non-thermal particles
and magnetic fields would aect how the jet is luminous at the downstream of
the black hole, which would provide very important hints such as how large the
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particle-acceleration region is. The radio luminosity and the emission size also
provide themagnetic field strength as well as the particle energy density (Kino et
al., 2014b), which is quite important information to understand the energetics of
the relativistic jet.
For Sgr A*, recent theoretical studies seem to have a consensus that 1.3 mm
emission is dominated by emission from a hot accretion flow in radiatively inei-
cient regime (radiatively ineicient accretion flow; RIAF; see §2). RIAF and/or ther-
mal jet have been proposed for the origin of the radio emission (see §2). However,
recent theoretical works on the GRMHD jet model for Sgr A* (Mościbrodzka et al.,
2014) reported that 1.3 mm emission would be dominated by RIAF to reproduce
1.3 mm visibility and broadband SED of Sgr A* observed with previous EHT and
multi-wavelength observations, respectively, even if emission at lower frequency
is dominated by the jet emission (see Figure 2.16 and Mościbrodzka et al., 2014). It
means that EHTwould provide an unique opportunity to image the accretion disk
around the black hole on scales of Rs. Future EHT observations would be quite
useful to investigate various variabilities in the accretion disk suggested by previ-
ous theoretical and/or observational studies, and also the nature of RIAFwhich is
quite common in the most of nearby galaxies.
5.2.2 Multi-scale Structure of Accretion Disk and/or Jet in Inner 102
Rs
Sgr A*
For works on Sgr A* with VERA, we conclude that it is important (i) to investigate
multi-frequency structure with quasi-simultaneous observations with EHT and
cm/long-mmVLBI for tracingvariationsonmany layersof theplasmaphotosphere,
and (ii) to monitor with the dedicated interval, for understanding more detailed
properties of the time variability.
Aer works in Chapter 2, we have been working on monitoring with VERA (e.g.
Akiyamaet al., 2014a) andnewly developedKVNandVERAArray (KaVA; Figure 5.5)
for investigating topics mentioned above. KaVA consists of 7 stations in Korean
VLBI Network (KVN; Lee et al., 2011) and VERA, and started regular observations at
13/7 mm (i.e. 22/43 GHz) in March 2014. KaVA is expected to achieve a good per-
formance for Sgr A* observations, since it has shorter baselines than other VLBI
arrays. One of reasons making it diicult to calibrate VLBI data of Sgr A* is its low
correlated flux density in long baselines owing to the eect of the interstellar scat-
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tering. Short (2000 km) baselines in KaVA provide more eective sampling of the
visibilities of Sgr A* than VLBA (Figure 5.5), enabling accurate determination of its
size and good-quality images similar to or better than VLBA.
We successfully performed simultaneous observations with EHT and KaVA in
2013, andalsomulti-epochobservationswithVERAandKaVAwith intervals shorter
than 1month from 2012 to 2014. Through these observations, we expect to obtain
new observational properties of time variation in Sgr A* and Sgr A* itself.
M87
Multi-frequency structure is quite useful to understand the observational proper-
ties of the relativistic jet aswell as Sgr A*. Indeed, in Chapter 3, we have discussed
implications for the profile of the magnetic-field strength and also for the nature
of very-high-energyγ-ray activities combinedwith lower-frequency observations
with VERA.
For instance, to understand acceleration and collimation mechanisms of the
relativistic jet, it is quite important to measure (i) the acceleration profile (e.g.
Asada et al., 2014), (ii) the collimation profile (Asada & Nakamura, 2012; Naka-
mura & Asada, 2013a; Hada et al., 2013) and (iii) the profile of the total magnetic-
field strength (e.g. Kino et al., 2014a,b). We can estimate toroidal and poloidal
magnetic-fieldprofilesofBtoroidal ∝ Γ(r)−1R(r)−1v(r)−1 andBpoloidal ∝ R(r)−2
(e.g. Baumet al., 1997) for the case of the ideal-MHD jet, where Γ(r), v(r) andR(r)
are the Lorentz factor, the velocity of the jet and the width of the jet as a function
of the distance from the central black hole. We can investigate, for instance, dom-
inance of toroidal or poloidal magnetic field from comparison to the profile of to-
tal magnetic-field strength. We are now working onmassive monitoring observa-
tionswith VERA/KaVAofM87 to determine the acceleration profile in the inner 102
Rs, which has not beenwell-determined so far. In addition, future high-resolution
observations with EHT and space VLBI (e.g. Radio Astron Kardashev et al., 2013)
will provide the collimation profilemore precisely. In the next several years, prob-
ably, we will be able to discuss acceleration and collimation mechanisms of the
relativistic jet using the observational properties of the relativistic jet in the inner
102 Rs.
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0.6 pc
March 2012
April 2011 Preliminary
parsec-scale jet
Figure 5.6: Preliminary results of EHT observations on 3C 279 (Akiyama, Lu, Fish et al.
in prep.). 2 year’s observations with EHT revealed super-luminal non-radial
motion and super-luminal expansion of the component on sub-parsec scales
which we found in NRAO 530 (Chapter 4).
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5.2.3 Blazars: Direct Imaging of the High-energy Emission Zone
In Chapter 4, we have shown that sub-parsec-scale structure and accurately mea-
sured sizes of the jet components are useful to investigate the nature of the flar-
ing activities in the jet and also the properties of the jet itself. The super-luminal
expansion and non-radialmotion along the curved geometry suggested the radio
counterpart of theγ-ray activities inNRAO530havebeenactually observed in the
jet components of other blazars in recent EHT observations (e.g. 3C 279, Akiyama
et al. in prep., Figure 5.6), indicating that we can apply our new analysis in this
thesis to many other blazar sources. By accumulating multi-year data on many
sourceswith EHT, wewill be able to discuss statistical properties of the blazar jets
on sub-parsec scales.
In addition, future EHTobservationswith improved imaging techniques (§5.2.1)
can provide more detailed structure of the jet component. This would be quite
useful to understand the nature and formation process of the jet component it-
self,whichare closely relatedwithactivities at high-energybands in general. Com-
binedwith spectrumandpropermotionmeasurementswith lower-frequencyVLBI
observations, we will discuss more detailed physical nature of the high-energy
emission zone in connection with particle acceleration mechanisms in the rela-
tivistic jet.

A
S E L F - S IM I L A R SOLUT ION AND
EQU I BR I UM TEMPERTURE OF
AD I ABAT I C I N F LOW -OUTF LOW
SOLUT ION
In this chapter, we derive a self-similar solution of Adiabatic Inflow-Outflow Solu-
tion (ADIOS; Blandford & Begelman, 1999). We also estimate the equibrium tem-
pertureof electorons in the inner102 Rs discussed in§2.5.2, followinganapproach
of Mahadevan (1997) on Adovection Dominated Accretion Flow (ADAF; Ichimaru,
1977; Narayan & Yi, 1994, 1995; Manmoto et al., 1997).
A.1 EQUATIONS OF ADIOS
We consider an optically thin, axisymmetric and steady accretion flow around a
black hole. Assuming the existenceof randomly orientedmagnetic fields that pos-
sibly originate from the turbulence in the gas flow, we take total pressure p to be
p = pgas + pmag, (A.1)
where pgas is the gas pressure and pmag is the magnetic pressure. Since here we
consider optically-thin andgas-pressure-dominatedaccretion flow,weneglect ra-
diation pressure. We assume the ratio of gas pressure to the total pressure β is
globally constant in the flow. FollowingMahadevan (1997), themagnetic pressure
pmag is given by
pmag = (1− β)p = B
2
24pi
, (A.2)
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where B is the magnetic field strength. We define the isothermal sound speed cs
by
p = ρc2s , (A.3)
where ρ is the density and we assume that the gas has a fixed ratio of specific
heat capacity at constant pressure cp to specific heat capacity at constant cv, γ ≡
cp/cv. For convenience, we define
e =
5/3− γ
γ− 1 . (A.4)
We vertically average the flow equations and consider a two-dimensional flow
in theequatorialR-φplane.Weassumeasteadyantisymmetric flowso that∂/∂t =
∂/∂φ = 0 and all flow variables are functions only of R. We denote the Keplerian
angular velocity by
ΩK(R) =
(
GM
R3
)1/2
(A.5)
and the Keplerian velocity
vK(R) =
(
GM
R
)1/2
, (A.6)
where M is the mass of central black hole. The surface density of the gas is Σ =
2ρH, where H∼ Rcs/vK is the vertical scale hight.
Following Shakura & Sunyaev (1973), we employ the usual α-prescription for
the viscosity, and the kinematic coeicient of shear viscosity is written as
ν(R) = αcsH =
αc2s
ΩK
, (A.7)
where α is a constant.
Before showing the equations of the ADIOSmodel, we introduce the equations
of ADAF. In the ADAFmodel, the density of the gas ρ, its radical velocity v, angular
velocityΩ, and isothermal sound speed cs, introduced above, satisfy the follow-
ing four equations (Kato et al., 2008; Abramowicz et al., 1988; Narayan & Popham,
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1993; Narayan & Yi, 1994):
the conservation law of mass (the continuity equation):
M˙ = −4piRHvρ. (A.8)
the conservation law of the radial component of themomentum:
v
dv
dr
−Ω2R = −Ω2KR−
1
ρ
d(ρc2s )
dr
(A.9)
the conservation law of the angular momentum:
ρRHv
d(ΩR2)
dR
=
dG
dR
(A.10)
where
G ≡ αρc
2
sR3H
ΩK
dΩ
dR
. (A.11)
the conservation law of the energy:
ΣvTi
dS
dR
= 3(1+ e)ρHv
dc2s
dR
− 2c2sHv
dρ
dR
= Q+ −Q−. (A.12)
where Ti is the ion temperature and S is entropy. By integrating (A.10) with R, we
obtain
− M˙
4pi
ΩR2 − G = Fl, (A.13)
where Fl is the constant. The physical meaning of Fl is the inwardly directed an-
gular momentum flux. The le-hand side of (A.12) is the advected entropy, while
the right-hand side gives the dierence between the energy input per unit area
due to viscous heating Q+ and the energy loss due to radiative cooling Q−. The
viscous heatingQ+ is given as
Q+ =
2αρc2sR2H
ΩK
(
dΩ
dR
)
. (A.14)
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FollowingNarayan&Yi (1994),wedefine thedegree towhich the flow is advection-
dominated as
f ≡ 1− Q
−
Q+
. (A.15)
In the extremely limit of no radiative cooling, f becomes unity, while in the oppo-
site limit of very eicient radiative cooling, f becomes zero. We assume f is con-
stant. Following Narayan & Yi (1994), we define
e′ = e/ f . (A.16)
Putting (A.14) and (A.15), the right-hand side of the equation of energy conserva-
tion (A.12) is represented as
Q+ −Q− = f 2αρc
2
sR2H
ΩK
(
dΩ
dR
)
= 2 f
G
R
dΩ
dR
. (A.17)
Putting (A.8) and (A.17), (A.22) becomes
− M˙
4pi
c2s
[
3
2
(1+ e)
d ln c2s
d lnR
− d ln ρ
d lnR
]
= fΩG
d lnΩ
d lnR
(A.18)
Here, we consider the advection dominated accretion flow including the eect
of a powerful wind that partially carries away mass, angular momentum and en-
ergy from the accreting gas (Blandford & Begelman, 1999; Yuan et al., 2003). Fol-
lowingBlandford&Begelman (1999), the equations of the ADAFmodel (A.8), (A.9),
(A.12) and (A.13 ) are modified as below:
the conservation law of mass (the continuity equation):
M˙ = −4piRHvρ = M˙out
(
R
Rout
)s
(A.19)
the conservation law of the radial component of themomentum:
v
dv
dr
−Ω2R = −Ω2KR−
1
ρ
d(ρc2s )
dr
(A.20)
the conservation law of the angular momentum:
− M˙
4pi
ΩR2 − G = λ M˙
4pi
R−1/2. (A.21)
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the conservation law of the energy:
− M˙
4pi
c2s
[
3
2
(1+ e)
d ln c2s
d lnR
− d ln ρ
d lnR
]
= fΩG
d lnΩ
d lnR
− ε M˙
4pi
R−1. (A.22)
As shown in (A.19), we define the mass loss index s and make the mass inflow
rate satisfy M˙ ∝ Rs. The value of s is restricted as 0 ≤ s < 1. This mass loss by
windallows theaccretingmass to reducewithdecreasing radius,while the energy
releasecanstill increase.Theadditional termsλM˙R/4pi in (A.21) and−εM˙R−1/4pi
in (A.22) indicate angular momentum and energy carried away due to the wind.
Equivalently, for the specific angular momentum and energy carried o by the
wind, we have
d
dM˙
(
λ
M˙
4pi
R−1/2
)
=
λ(s+ 1/2)R1/2
4pis
(A.23)
d
dM˙
(
ε
M˙
4pi
R−1
)
=
e(s− 1)
4pisR
. (A.24)
A.2 SOLUTION OF SELF-SIMILAR ADIOS
The equations of the ADAFmodel (A.8), (A.10), (A.9) and (A.12) permit a self-similar
solution of the form (Kato et al., 2008, cf.)
v ∝ R−1/2, ρ ∝ R−3/2, c2s ∝ R−1, Ω ∝ R−3/2. (A.25)
Here, we assume that the self-similar solution ismodified from (A.25) by introduc-
ing the eect of the wind as
v = v0R−1/2+δ1 , ρ = ρ0R−3/2+δ2 , c2s = c2s0R−1+δ3 , Ω = Ω0R−3/2+δ4 , (A.26)
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where ρ0, v0,Ω0 and cs0 are constants. Substituting the relations (A.26), the equa-
tions of the ADIOSmodel (A.19), (A.21), (A.20) and (A.22) become
s = δ2 +
δ3
2
(A.27)
(Ω2 −Ω2K)R2 + v2(
1
2
− δ1) + c2s
(
5
2
− δ2 − δ3
)
= 0 (A.28)
− M˙
4pi
(
ΩR2 + λR1/2
)
= G = − M˙
4pi
[
α
Ω
ΩK
c2sR
v
(
−3
2
+ δ4
)]
(A.29)
− M˙
4pi
{[
e− (1+ e)δ3 + 23δ2
]
c2s +
2ε
3R
}
= fΩG
(
1− 3
2
δ4
)
. (A.30)
For deriving (A.27), we assume H ∝ Rcs/v. If we assume H ∝ Rcs/vK or H ∝ R,
the equation of the mass conservation (A.27) becomes s = δ1 + δ2 + δ3/2 or
s = δ1 + δ2, but the solution of the ADIOS model does not change from in the
case of H ∝ Rcs/v (i.e. δ1 = δ3 = 0 in both cases as shown later). Substituting
Ω = Ω0R−3/2+δ4 for (A.29), the le-side hand of (A.29) becomes
− M˙
4pi
ΩR2
(
1+
λ
Ω0Rδ4
)
= G. (A.31)
For convenience, we define
λ′ ≡ λ
Ω0Rδ4
. (A.32)
Thus, (A.29) is rearranged as
− M˙
4pi
ΩR2(1+ λ′) = G = − M˙
4pi
[
α
Ω
ΩK
c2sR
v
(
−3
2
+ δ4
)]
. (A.33)
Substituting c2s = c2s0R
−1+δ3 , (A.30) becomes
− M˙
4pi
c2s
[
e− (1+ e)δ3 + 23δ2 +
2ε
3c2s0Rδ3
]
= fΩG
(
1− 3
2
δ4
)
. (A.34)
Similarly, we define
ε′ ≡ e
c2s0Rδ3
. (A.35)
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and (A.30) is rearranged as
− M˙
4pi
c2s
[
e− (1+ e)δ3 + 23δ2 +
2
3
ε′
]
= fΩG
(
1− 3
2
δ4
)
. (A.36)
First, we rearrange equations of the conservation of the angular momentum
(A.33) and the energy (A.36). Putting the right-hand side of (A.33) for G, (A.36) be-
comes
c2s
[
e− (1+ e)δ3 + 23δ2 +
2
3
ε′
]
= f R2Ω2(1+ λ′)
(
1− 3
2
δ4
)
. (A.37)
When we define
e˜′ ≡ e− (1+ e)δ3 +
2
3(δ2 + ε
′)
f
(
1− 32δ4
)
(1+ λ′)
, (A.38)
(A.37) becomes
e˜′c2s = Ω2R2. (A.39)
Rearranging (A.33) for v,
v = −3
2
α
c2s
RΩK
1− 23δ4
1+ λ′
. (A.40)
Putting (A.39) for c2s , (A.40) becomes
e˜′v = −3
2
αRΩK
(
Ω
ΩK
)2 1− 23δ4
1+ λ′
(A.41)
≡ −3
2
αRΩK
(
Ω
ΩK
)2
(1+ δ5), (A.42)
where δ5 = (1− 2δ4/3)/(1+ λ′)− 1.
We rearrange the equation of the conservation of the radial momentum (A.28).
Multiplying both members of (A.28) by e˜′2, we get
e˜′2(Ω2−Ω2K)R2 + (e˜′v)2
(
1
2
− δ1
)
+ (e˜′c2s )e˜′
(
5
2
− δ2 − δ3
)
= 0. (A.43)
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Substituting (A.42) for e˜′v and (A.39) for e˜′c2s , we obtain
e˜′2(Ω2−Ω2K)R2+
9
4
α2R2ΩK2
(
Ω
ΩK
)4
(1+ δ5)2
(
1
2
− δ1
)
+ e˜′Ω2R2
(
5
2
− δ2 − δ3
)
= 0.
(A.44)
For convenience, we define x ≡ (Ω/ΩK)2. Multiplying by 1/Ωx2R2 and substi-
tuting x, we obtain
e˜′2(x− 1) + 9
4
α2x2(1+ δ5)2
(
1
2
− δ1
)
+ e˜′x
(
5
2
− δ2 − δ3
)
= 0. (A.45)
Rearranging for x, we obtain
9α2 (1− 2δ1) (1+ δ5)2x2 + 4e˜′(2e˜′ + 5− 2δ2 − 2δ3)x− 8e˜′2 = 0. (A.46)
(A.46) is a quadratic equation for x. The discriminant of this quadratic equation is
given as
D/4 = 4e˜′2(2e˜′ + 5− 2δ2 − 2δ3)2 − 72e˜′2α2(1− 2δ1)(1+ δ5)2 (A.47)
= 4e˜′2
[
(2e˜′ + 5− 2δ2 − 2δ3)2 + 18α2(1− 2δ1)(1+ δ5)2
]
(A.48)
= 4e˜′2(2e˜′2 + 5)2
[{
1− 2(δ2 + δ3)
2e˜′ + 5
}2
+
18α2(1− 2δ1)(1+ δ5)2
(2e˜′ + 5)2
]
(A.49)
=
{
2e˜′(2e˜′ + 5)(g˜+ 1)
}2 , (A.50)
where g˜ is defined as
g˜ ≡
√{
1− 2(δ2 + δ3)
2e˜′ + 5
}2
+
18α2(1− 2δ1)(1+ δ5)2
(2e˜′ + 5)2
− 1. (A.51)
Solving (A.46), x becomes
x =
1
9α2(1− 2δ1)(1+ δ5)2
[−2e˜′(2e˜′ + 5− 2δ2 − 2δ3) + 2e˜′(2e˜′ + 5)(g˜+ 1)](A.52)
=
2e˜′(2e˜′ + 5)
9α2(1− 2δ1)(1+ δ5)2
[
g˜+
2(δ2 + δ3)
2e˜′ + 5
]
(A.53)
=
2e˜′(2e˜′ + 5)
9α2
gˆ, (A.54)
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where gˆ is defined as
gˆ ≡ 1
(1− 2δ1)(1+ δ5)2
[
g˜+
2(δ2 + δ3)
2e˜′ + 5
]
. (A.55)
Here, we summarize the results of previous paragraphs. Substituting x in (A.54)
for (A.39) and (A.42), the basic equations of ADIOS become
s = δ2 +
δ3
2
(A.56)
Ω = ΩK
√
2e˜′(2e˜′ + 5)
9α2
gˆ (A.57)
v = − gˆ
3α
(2e˜′ + 5)vK
(
1− 2
3
δ4
)
(A.58)
c2s =
2e˜′(2e˜′ + 5)
9α2
gˆv2K, (A.59)
where e˜′ and gˆ are defined as
e˜′ =
e− (1+ e)δ3 + 23(δ2 + ε′)
f
(
1− 32δ4
)
(1+ λ′)
(A.60)
gˆ =
1
(1− 2δ1)(1+ δ5)2
[
g˜+
2(δ2 + δ3)
2e˜′ + 5
]
(A.61)
g˜ =
√{
1− −2(δ2 + δ3)
2e˜′ + 5
}2
+
18α2(1− 2δ1)(1+ δ5)2
(2e˜′ + 5)2
− 1 (A.62)
δ5 =
1− 23δ4
1+ λ′
− 1. (A.63)
By using the R-dependence of (A.26) and by equating the index of R of bothmem-
bers in (A.57) - (A.59), we get
δ1 = δ3 = δ4 = 0. (A.64)
Substituting (A.64) for (A.56), we obtain
δ2 = s. (A.65)
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Substituting (A.64) and (A.65) for (A.56) - (A.59), we get the self-similar solution
of ADIOS:
M˙ = M˙out
(
R
Rout
)s
(A.66)
Ω = ΩK
√
2e˜′(2e˜′ + 5)(1+ λ′)2
9α2
(
g˜+
2s
2e˜′ + 5
)
(A.67)
v = −vK (2e˜
′ + 5)(1+ λ′)
3α
(
g˜+
2s
2e˜′ + 5
)
(A.68)
c2s = v
2
K
2e˜′(2e˜′ + 5)(1+ λ′)2
9α2
(
g˜+
2s
2e˜′ + 5
)
, (A.69)
where e˜′ and g˜ are defined as,
e˜′ =
e+ 23(s+ ε
′)
f (1+ λ′)
(A.70)
g˜ =
√{
1+
−2s
2e˜′ + 5
}2
+
18α2
(2e˜′ + 5)2(1+ λ′)2
− 1. (A.71)
We note that in the case of ADAF (s = ε′ = λ′ = 0) this self-similar solution coin-
cides with the self-similar solution of ADAF derived in Narayan & Yi (1994).
A.3 THE EQUILIBRIUM ELECTRON TEMPERATURE IN
THE INNER REGION
We calculate the equilibrium electron temperature in the inner region (R ≤∼ 102
Rs) following Mahadevan (1997). Following Narayan & Yi (1995), we define
c1 ≡ −1
α
v
vK
=
(2e˜′ + 5)(1+ λ′)
3α2
(
g˜+
2s
2e˜′ + 5
)
(A.72)
c2 ≡ ΩΩK =
√
2e˜′(2e˜′ + 5)(1+ λ′)2
9α2
(
g˜+
2s
2e˜′ + 5
)
(A.73)
c3 ≡ c
2
s
v2K
=
2e˜′(2e˜′ + 5)(1+ λ′)2
9α2
(
g˜+
2
2e˜′ + 5
)
. (A.74)
Following Mahadevan (1997), we rearrange the solution of ADIOS in terms of
scaled quantities the mass is scaled in solar mass units
M = mM, (A.75)
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the radius in Schwarzschild radii
R = rRs, Rs =
2GM
c2
= 2.95× 105 cm ×m (A.76)
and the accretion rate in Eddington units
M˙ = m˙M˙Edd, M˙Edd =
LEdd
ηeffc2
= 1.39× 1018 g s−1 ×m ≡ Cm, (A.77)
where ηeff = 0.1 is the standard eiciency in converting matter to energy (Frank
et al., 1992). From previous subsection, we define
m˙ = m˙out
(
r
rout
)s
. (A.78)
Using scaled quantities, vK,ΩK, v,Ω and c2s are written as
vK =
√
GM
R
=
√
GMmc2
2GMmr
=
1√
2
cr−1/2 (A.79)
ΩK =
√
GM
R3
=
√
GMmc6
23G3M3m3r3
=
1
2
√
2
c3
GM
r−3/2 (A.80)
‖v‖ = αc1vK = 1√
2
cαc1r−1/2 (A.81)
Ω = c2ΩK =
1
2
√
2
c3
GM
c2r−3/2 (A.82)
c2s = c3v
2
K =
1
2
c2c3r−1. (A.83)
FollowingMahadevan (1997), we assume that the vertical scale hight of the disk
H is set equal to the radius R in the equations that follow, since flow is essentially
spherical in geometry (Narayan & Yi, 1995). The density ρ is given as
ρ =
M˙
4piRH‖v‖ =
M˙
4piR2‖v‖ (A.84)
=
√
2
16pi
Cc3
G2M2
α−1c−11 m
−1m˙outr−soutr
−3/2+s (A.85)
= 6.00× 10−5 g cm−3 × α−1c−11 m−1m˙outr−soutr−3/2+s. (A.86)
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The gas pressure p = ρc2s is given as
p =
√
2
32pi
Cc5
G2M2
α−1c−11 c3m
−1m˙outr−soutr
−5/2+s. (A.87)
Since magnetic field strength B is given as B =
√
24pi(1− β)p, B becomes
B =
√
3
√
2
4
C1/2c5/2
GM
α−1/2(1− β)1/2c−1/21 c1/23 m−1/2m˙1/2out r−s/2out r−5/4+s/2(A.88)
= 1.43× 109 G × α−1/2(1− β)1/2c−1/21 c1/23 m−1/2m˙1/2out r−s/2out r−5/4+s/2.(A.89)
Electron number densities ne becomes,
ne =
ρ
µemu
=
ρ(1+ X)
2mu
(A.90)
=
√
2(1+ X)
32pimu
Cc3
G2M2
α−1c−11 m
−1m˙outr−soutr
−3/2+s (A.91)
= 3.16× 1019 cm−3 × α−1c−11 m−1m˙outroutr−3/2+s, (A.92)
where µe is eective molecular weight, X is the hydrogen mass fraction and mu
is the atomic mass unit. Equations (A.86), (A.89) and (A.92) are almost same as
equations (5) in Mahadevan (1997), but slightly dier because of the mass loss
eect, and they are consistent with the equations of the self-similar ADAF model
of Mahadevan (1997) in the limit of s = 0.
The equilibrium electron temperature Te in inner region (R ≤∼ 102 Rs) is ob-
tained samely asMahadevan (1997). Equations corresponding to equation (9) and
equation (24) in Mahadevan (1997) are
Q+ = 9.39 × 1038(1− s)−1(1− β) f−1c3mm˙outr−soutr−(1−s)min erg s−1 (A.93)
νpLp = s31s
3
2s3r
−7/4+3s/2
min m
1/2m˙3/2out r
−3s/2
out T
7
e ergs s
−1 Hz−1. (A.94)
Then, an analytic expression of the equilibriumelectron temperature correspond-
ing to equation (40) in Mahadevan (1997) is given by
Te =
4.4 × 1010 K
A1/7c
δ1/7χ−3/7M α
3/14(1− β)−1/14c3/141 c−1/143
×(1− s)−1/7r3/28−s/14min m1/14m˙−1/14out rs/14out . (A.95)
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Here δ is the fraction of viscous energy transferred to electrons. The dierence
from equation (40) in Mahadevan (1997) is that the equilibrium electron temper-
ature have a dependence on the mass loss index s and varies with s by the factor
of (1− s)−1/7r−s/14min rs/14out .

B
THE BAYS I AN I N F ERENCE
W I TH THE E XCHANGE MONTE
CAR LO
Wesuccessfully obtainedboth the visibility amplitudes and the closure phases on
NRAO 530 (see §4.5). Wemodeled the source structure from themusing geometri-
cal models consisting of circular Gaussians following previous EHT observations
(Lu et al., 2012, 2013). In this work, we employed the Bayesian framework using
the ExchangeMonte Carlo (EMC),which is a subclass ofMarkovChainMonte Carlo
(MCMC), tomodelobservedvisibilities.Webriefly introduce theadvantagesof this
method in §B.1, the parameter estimation in the Bayesian framework in §B.2, the
Metropolismethod implemented in our EMCmodeling in §B.3, an overviewof our
EMCmodeling in §B.4 and other settings for modeling visibilities in §B.5.
B.1 THE STRENGTHS OF THE EXCHANGE MONTE CARLO
Here,webriefly summarize the strengthsof EMCcompared to the traditional least-
square methods and other MCMC techniques.
Advantages of MCMC techniques compared to the least square meth-
ods
The traditional least-square methods have been adopted to model images from
observed visibilities in the past EHT observations (Lu et al., 2012, 2013). However,
it has several technical diiculties as follows.
1. In general, the geometricalmodels are described as a non-linear function of
parameters, requiring an initial guesses of the parameter values to perform
the traditional least-square fitting. However, we cannot estimate initial con-
ditions for EHT data from Fourier transformed images owing to the lack of
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visibility phases. In addition, it is oen very diicult to guess the image for
the EHT-detected structure from other wavelength data-sets, because no
other instruments have provided images at comparable spatial resolutions.
2. Traditionally, the grid search has been used to derive the confidence inter-
vals of parameters. However, the computational cost of the grid search be-
comes too expensive for models with a large number of parameters, be-
cause the total grid size is proportional to ∝ NNpg where Np and Ng are the
number of parameters and search grids for each parameter, respectively.
MCMC techniques have a potential to overcome these diiculties. First, MCMC
does not require good initial guesses of the parameter values. It can eiciently
explore all regions of prior parameter space with a significant probability. This
would be a big advantage so far, becausewe cannot estimate initial conditions for
EHT data from Fourier transformed images owing to the lack of visibility phases.
In addition, MCMC gives the full marginal posterior distributions for each model
parameter, not just the maximum a posteriori (MAP) values and a Gaussian ap-
proximation of their uncertainties.
Advantages of the EMCmethod compared to other MCMC techniques
Although MCMC techniques have great advantages in deriving the confidence in-
terval of each parameter eiciently, sometimes it has a diiculty to explore a tar-
get probability distribution, if the distribution has several local maximums with
separations much larger than the step size (Figure B.1). In such cases, a chain can
easily get trapped around a local maximum and miss other regions of parameter
space with a significant probability.
Such a situation oen occurs whenmodels have a large number of parameters.
We actually encountered this problemwhenwemodel visibility data sets with rel-
atively complicated models such as models with three or four circular Gaussian
components. This problem is similar to that of non-linear least square methods
where can be easily trapped at a local minimum of the chi-square surface if the
initial condition is not good.
EMC has a great advantage to handle this problem. It introduces the tempera-
ture of the probability distribution (see, B.4 for details), and execute MCMC simu-
lations with several chains at dierent temperatures. The target distribution is at
the lowest temperature, while the probability distribution at higher temperatures
has flatter shapesas theprobabilitydistributionsof theparticlesbecome flatter at
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can not move
if a step σ << L
Parameter
Distance : L
PD
F
Chains can move to other local 
peaks via higher temperatures
Parameter
PD
F
Figure B.1: A schematic view explaining the advantages of the Exchange Monte Carlo
(EMC) compared to the other MCMC techniques. (Top panel) the weakness of
the standard Metropolis method. If the target probability distribution has lo-
cal peaks with intervals much longer than the step size of the Markov chain,
the chain can notmove to other peaks. (Bottompanel) the strength of the EMC.
EMCcanovercomesuchadiicultyby introducing the temperatureof theprob-
ability distribution. The chain can move to other local peaks via higher tem-
peratures where the probability distribution is much flatter and the chain can
move aroundmuch broader region than lower temperatures.
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higher temperatures in the statistical physics (Figure B.1). In the EMC simulation,
the chain can move to other local peaks by going through the region at higher
temperatures where the chain canmove aroundmuch broader region than lower
temperatures. This enable the Marco chain to explore the whole region of the pa-
rameter space eiciently.
B.2 PARAMETER ESTIMATION IN THE BAYESIAN FRAME-
WORK
In the Bayesian Framework, parameters X = (x1, x2, ..., xNp) of model M are es-
timated by calculating the posterior distribution p(X|M,D, I), which is the con-
ditional probability distribution of parameters X under model M, observational
dataD andprior information I. The posterior distribution can be calculated using
the Bayes theorem given by
p(X|M,D, I) = p(D|X, M, I)p(X|M, I)
p(D|M, I) , (B.1)
where p(D|M, I) is the marginal likelihood (or the global likelihood) defined by
p(D|M, I) =
∫
dX p(D|X, M, I)p(X|M, I). (B.2)
The term p(D|X, M, I) is the likelihood representing the conditional probability
that observational dataD are obtained fromobservations undermodelM, its pa-
rametersX andprior information I. The term p(X|M, I) is the “prior distribution”
reflected thebackground informationonmodelM and its parametersX. Thepos-
terior distribution of a parameter xi, p(xi|M,D, I) is obtained by
p(xi|M,D, I) =
∫
p(X|M,D, I) dx0...dxi−1dxi+1...dxNp . (B.3)
B.3 THE METROPOLIS METHOD
The MCMC technique using the Metropolis method oers an eicient method of
samplingpseudorandomnumbers fromtheposteriordistribution inEq. (B.1). This
method has the following advantages: 1. one can obtain a sequence of random
samples from a probability distribution for which direct sampling is diicult; 2.
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one does not need to calculate the integration in Eq. (B.2,B.3). One can obtain
the posterior distribution of each parameter in Eq. (B.2) from the histogram of
sampled pseudorandom numbers.
Here, we briefly summarize a method to generate a chain of sets of model pa-
rameters X based on the Metropolis method. An initial set of parameter values
X0 is randomly generated from a prior distribution P(X|M, I). At each iteration,
a new set of model parameters Xt = (xt,1, xt,2, . . . , xt,Np) is generated as follows.
The new proposal set of model parameters Pt+1 is generated from the proposal
distribution q(Xt|Xt+1). The new proposal set is then randomly accepted or re-
jected with a probability αwritten as
α = min
(
p(D|Pt+1, M, I)p(Pt+1|M, I)q(Xt|Pt+1)
p(D|Xt, M, I)p(Xt|M, I)q(Pt+1|Xt) , 1
)
. (B.4)
We adopted a Gaussian proposal distribution for q(Xt|Xt+1), written as
q(Xt|Xt+1) =
Np
∏
j
1√
2piσ2j
exp
(
(xt+1,j − xt,j)2
2σ2j
)
. (B.5)
Then, the probability α becomes
α = min
(
p(D|Pt+1, M, I)p(Pt+1|M, I)
p(D|Xt, M, I)p(Xt|M, I) , 1
)
. (B.6)
We assumed a Gaussian uncertainty in observational data and uniform prior dis-
tribution for each parameter. Then, the probability α is written in
α = min
(
p(D|Pt+1, M, I)
p(D|Xt, M, I) , 1
)
(B.7)
= min
(
exp
(
−1
2
[
χ2(D|Pt+1, M, I)− χ2(D|Pt, M, I)
])
, 1
)
, (B.8)
where χ2(D|Xt, M, I) is χ2 of the parameter set Xt.
A proposal set of parameters Pt+1 is always accepted as Xt+1, if the probabil-
ity of parameters leads to an improvement in the χ2-fit and a higher prior prob-
ability compared to the previous parameters Xt. On the other hand, a proposal
state leading to a worse fit or a lower prior probability is accepted according to
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the probability based on the ratio of the posterior probabilities. If the proposal
set is rejected, the previous state will be repeated in the chain.
When themodel has several parameters, α tends to become small if several pa-
rameters are stepped simultaneously. That would cause a low accept-rate and
a low eiciency of this method. In our calculations, following Muller (1991), we
stepped only one parameter at a time with other parameters fixed as follows.
1. Choose xt,j from Xt randomly with the uniform probability.
2. Generate a candidate of xt+1,j from proposal distribution.
3. Calculate α and accept or reject it with the probability α.
4. Repeat 1-3 forNp times and aer that, memorize the newly generated state
as Xt+1.
In early iterations, generated sets of parameters in the chain are aected by the
initial set, and then the chain converges into the area with a significant proba-
bility independently on the initial set. Such early iterations are called as "burn-
in", and generally discarded. In our calculations, we checked the auto-correlation
function of each parameter and each parameter chain to check the convergence
of each chain. Aer all chains seem to converge, we discarded the early chains
as "burn-in", and move to the “main” simulation with iterations 10 times greater
than “burn-in”.We tried severalMCMCsimulationswithdierent initial conditions
which are randomly generated from the prior distribution, and confirmed that all
chains converge into consistent probability distributions.
The eiciency of this method is also sensitive to the step-size of proposal dis-
tributions. In the case of the Gaussian proposal distribution, the step-size is char-
acterized by its variance. If it is too small, most of the trial points are accepted,
and the MCMC is slow to sample the full parameter space. If it is too large, most
of the trial points are rejected and though the MCMC may make large jumps in
parameter space, it could get stuck at a certain point for long. We adjusted the
step-size of each parameter by the following methods to achieve an accept rate
of ∼ 50%, which is an eicient accept rate in previous empirical studies on the
Metropolis method (Roberts et al., 1997). In the burn-in period, aer updating the
j-th parameter xit,j, if the accept rate of the newest 100 trials is more than 55 %,
then the variance σj is multiplied by 1.1. Else if the accept rate of the newest 100
trials is less than 45%, the variance σj is divided by 1.1. Finally, we confirmed that
the accept rate converged into∼ 50 %.
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In our cases, a simple Metropolis method failed to fully explore a target probabil-
ity distribution, since the distribution has several local maximums with the sep-
arations being much larger than the step size. In such case, a chain gets trapped
around a localmaximumandmiss other regions of parameter spacewith a signifi-
cant probability. The ExchangeMonte Carlo (EMC; also known as Parallel Temper-
ingandReplicaExchangeMCMC) isoneof the improvedclassofMCMCtechniques,
called an extended ensemblemethod, designed to handle this problem. EMCwas
developed at first in the physics community to improve sampling in glassy sys-
tems (Hukushima & Nemoto, 1996) and recently has been applied to some astro-
nomical problems (e.g. Gregory, 2005, 2007; Varghese et al., 2011; Benneke & Sea-
ger, 2012). This method involves generating the sample sequence from a distribu-
tion that consists ofmany distributionswith dierent temperatures. Thismethod
is based on two MCMC simulation steps. One step is the conventional update of
the MCMC simulation for each distribution. The other is a probabilistic exchange
process between two neighboring sequences. We employ the Metropolis method
for the former step, and the exchange probability of the Metropolis-type for the
latter step.
In thismethod, the posterior distribution is extended using the temperature βk
as follows:
pi(Xk|M,D, I, βk) = p(D|Xk, M, I)
βk p(Xk|M, I)
Z(βk)
(B.9)
∝ exp (βL(D|Xk, M, I)) p(Xk|M, I) (B.10)
where L(D|Xk, M, I) is a log-likelihoodandZ(βk) is thenormalization factorgiven
by
Z(βk) =
∫
dXk p(D|Xk, M, I)βk p(Xk|M, I). (B.11)
Onecanunderstand theoriginof thenameof “temperature”considering−L(D|Xk, M, I)
as an energy Ek of a certain state in the thermodynamical system. In that case,
pi(Xk|M,D, I, βk) is proportional to exp(βkEk) and then represents a canonical
distribution.Thenormalization factorZ(βk) canbe relatedwith thepartition func-
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run MCMC simulations with different βs in parallel
β
βl+1
βl
β1
βN
: exchanging adjacent chains with a probability r
: Step of Metropolis MCMC
i-th set of parameters i+1 th set of parameters i+2 th set of parameters
...
... ... ...
......
Figure B.2: A schematic view of the Exchange Monte Carlo (EMC) method
tion.Ahigh temperature (low β)makesa likelihood function flatter andalsomakes
the probability of acceptance in the Metropolis method (Eq.B.8) higher as
α = min
(
exp
(
−1
2
β
[
χ2(D|Pt+1, M, I)− χ2(D|Pt, M, I)
])
, 1
)
.(B.12)
Thus, theMetropolis algorithmat high temperature enables exploration of awide
range of parameter space.
FigureB.2 showsa schematic viewof the EMCmethod. In the EMCmethod,mul-
tiple chainswithdierent initial conditionsanddierent temperatures (β1, β2, . . . , βNβ)
are generated in parallel. Aer generating t-th parameter sets Xik,t at all tempera-
tures, adjacent chains βk and βk+1 are selected randomly with an uniform proba-
bility, and then exchanged with a probability α = min(1, r). The probability r is
a Metropolis ratio defined by
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r =
pi(Xk+1,t|M,D, I, βk)pi(Xk,t|M,D, I, βk+1)
pi(Xk,t|M,D, I, βk)pi(Xk+1,t|M,D, I, βk+1) (B.13)
=
[
p(D|Xk+1,t, M, I)
p(D|Xk, M, I)
]−(βk+1−βk)
(B.14)
= exp
(
1
2
(βk+1 − βk)
[
χ2(D|Xk+1,t, M, I)− χ2(D|Xk,t, M, I)
])
.(B.15)
In our calculation, we set temperatures as follows, since a previous study on EMC
method indicates that a geometric series of βs would give a constant averaged
exchange rate (Nagata & Watanabe, 2008).
βk =
 β
(Nβ−k)/(Nβ−2)
min (k = 2, 3, . . . , Nβ)
0 (k = 1)
(B.16)
βmin is set to be∼ 1/
〈
χ2(D|XiNβ , Mi, I)
〉
. Aer every generation of t-th param-
eters sets, 100Nβ trials of the exchange are performed to mix chains.
B.5 SETTINGS FOR MODELING VISIBILITIES
Following Luet al. (2012, 2013),wedefined chi-squares of thesemodels as follows;
χ2 = ∑
i
(
Vmodelamp,i −Vdataamp,i
σ
amp
i
)2
+∑
j
(
φmodelj − φdataj
σ
cphase
j
)2
(B.17)
whereVamp,i and φj are visibility amplitudes and closure phases with errors σ
amp
i
and σcphasej , respectively. We adopted uniform distribution for the prior distribu-
tion of each parameter. We set the number of temperatures as Nβ = 16. We per-
formed 105 iterations for the burn-in simulation, and 106 iterations for the main
simulation.

C
APPARENT E XPANS ION
VE LOC I T Y O F THE P L ASMA
BLOB IN THE RE L AT I V I ST I C
J E T
We consider a spherical blob in a jet expanding isotropically with an expansion
speed of β′exp on the co-moving frame (with ’). The jet propagates along the x-axis
with a velocity of f˜i = (β, 0, 0) from the line of sight of~n = (cosΘ,− sinΘ, 0)
on the observer’s frame (without ’), respectively. The center of the blob seems to
move with an apparent speed βapp in the image, given by
βapp =
β sinΘ
1− β cosΘ . (C.1)
Let the expansion velocity on the co-moving frame be
~β′exp = β′exp (cos φ′ sin θ′, sin φ′sinθ′, cos θ′) , (C.2)
where φ′ and θ′ are the azimuthal and elevation angles, respectively. The expan-
sion velocity on the rest frame is given by
209
210 APPARENT EXPANSION VELOCITY OF THE PLASMA BLOB IN THE RELATIVISTIC JET
~βexp = ~β⊕ ~β′exp (C.3)
=
1
1+ ββ′exp cos φ′ sin θ′
×
(
β+ β′exp cos φ′ sin θ′,
√
1− β2β′exp sin φ′ sin θ′,
√
1− β2β′exp cos θ′
)
.
(C.4)
using thevelocity-addition formulaof thespecial relativity. In theobserved image,
the expansion speed βexp =
∣∣∣ ~βexp∣∣∣ is also aected by the time-dilation eect as
well as the jet velocity β. The apparent expansion speed βexp,app is given by
βexp,app =
βexp sinΘexp
1− βexp cosΘexp , (C.5)
whereΘexp is an angle between the expansion velocity ~βexp and the line of sight
~n obtained from
Θexp = arccos
~βexp ·~n
βexp
. (C.6)
On the other hand, the time dilation eect does not change the direction of the
expansion velocity in the observed image. Thus, the direction of the apparent ex-
pansion velocity is parallel to a projected vector of ~βexp to a plane parallel to the
observed image (i.e. a plane perpendicular to the line of sight~n). It is given by
~βexp,proj = ~βexp − βexp cosΘexp~n. (C.7)
The plane of the observed image can be characterized by two orthogonal vectors
~n|| = (sinΘ, cosΘ, 0) and~n⊥ = (0, 0, 1), where || and ⊥ mean parallel and
perpendicular to the apparent (i.e. projected) jet axis in the observed image. On
the observed image, the direction of the apparent expansion velocity is parallel
to a vector ~d = (d‖, d⊥) given by
d‖ = ~βexp,proj ·~n|| (C.8)
d⊥ = ~βexp,proj ·~n⊥. (C.9)
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The apparent expansion velocity in the observed image is a vector along ~dwith a
speed of βexp obtained by
β‖ = βexp,app
d‖∣∣∣~d∣∣∣ − βapp (C.10)
β⊥ = βexp,app
d⊥∣∣∣~d∣∣∣ . (C.11)
Thus, a fluid element at the boundary of the spherical blob in the direction of
(φ′, θ′) on the co-moving frame has a position in the observed image of
~r(~r0, t, z; φ′, θ′, β,Θ, β′exp) =
1
1+ z
(
β||(φ′, θ′, β,Θ, β′exp), β⊥(φ′, θ′, β,Θ, β′exp)
)
t+~r0.
(C.12)
where~r0, t, z are an initial position of the fluid element on observer’s frame, the
elapsed time on observer’s frame and the redshi of the source, respectively.
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